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Preface 



Gyrotron oscillators (gyrotrons) are capable of providing hundreds of kilo- 
watts of power at microwave and millimetric wavelengths. Prom their con- 
ception in the late fifties until their successful development for various ap- 
plications, gyrotrons have come a long way technologically and made an ir- 
reversible impact on both users and developers. The possible applications 
of high power millimeter and sub-millimeter waves from gyrotrons and their 
variants (gyro-devices) span a wide range of technologies. The plasma physics 
community has already taken advantage of the recent advances of gyrotrons 
in the areas of RF plasma production, heating, non-inductive current drive, 
plasma stabilization and active plasma diagnostics for magnetic confinement 
thermonuclear fusion research, such as lower hybrid current drive (LHCD) 
(8 GHz), electron cyclotron resonance heating (ECRH) (28-170 GHz), elec- 
tron cyclotron current drive (ECCD), collective Thomson scattering (CTS) 
and heat-wave propagation experiments. Other important applications of gy- 
rotrons are electron cyclotron resonance (ECR) discharges for the generation 
of multi-charged ions and soft X-rays, as well as industrial materials process- 
ing and plasma chemistry. Submillimeter wave gyrotrons are employed in high 
frequency, broadband electron paramagnetic resonance (EPR) spectroscopy. 
Additional future applications await the development of novel high power 
gyro-amplifiers and devices for high resolution radar ranging and imaging 
in atmospheric and planetary science as well as deep space and specialized 
satellite communications and RF drivers for next generation high gradient 
linear accelerators (supercolliders). The subject has thus stimulated us to 
bring this book in its present form, as a supplement to the efforts of earlier 
researchers and authors and as an assistance to future work in this field. 

The basic motivation for this book on “Gyrotrons” comes from the needs 
of the gyrotron community in general and our own practical experiences and 
the problems we are facing in our design and development projects and the 
application to specific gyrotrons. This book is to some extent a compendium 
of our previous work, which we would like to share with the community of 
high power microwave engineers/scientists. Efforts are made to give a brief 
review of gyro-devices followed by theory, design of individual components, 
some specific design examples, and applications of gyrotrons. We have tried 
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to present the contents to help beginners, as well as researchers, designers 
and end users. 

During the course of the preparation of this book, our colleagues at the In- 
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1 Introduction 



1.1 General Introduction 

Although this is the era of solid state semiconductor devices, microwave tubes 
are still extensively employed in certain areas for applications where their 
solid state counterparts are not able to compete a^ far as delivering the re- 
quired power at microwave to millimetric wavelengths. These applications 
vary from electron cyclotron resonance heating of plasmas in fusion reactors 
to the sintering of industrial ceramics. This unique ability to produce hun- 
dreds of kilowatts of pulsed to continuous waves (CW) at frequencies greater 
than 1 GHz has made microwave tubes an indispensable source for high power 
and high frequency applications. Microwaves are electromagnetic waves whose 
frequencies fall approximately in the range 1-300 GHz. Microwaves are used 
for a great variety of applications. Some of these are: all types of communica- 
tions applications (from mobile to deep space), strategic applications (from 
radar to missile guidance), scientific applications (from particle accelerators 
to thermonuclear plasma fusion devices and plasma diagnostics), and indus- 
trial applications (from simple domestic ovens to various heating, drying and 
sintering purposes). As already mentioned, low power applications employ 
solid state microwave devices extensively as they are small in size and cost 
effective (long lifetime, no high voltage), whereas for high power applications, 
the only choice is microwave tubes. 




Fig. 1.1. Chart showing the the limitation of conventional microwave tubes for 
the generation of higher power levels at elevated frequencies. Here, FWDs are fast 
wave devices such as gyrotrons and its variants 
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The actual story of microwaves in the electromagnetic spectrum began at 
the Polytechnical University of Karlsruhe, Germany, with the experimental 
verification of Maxwell’s equations by Heinrich Hertz in 1887. In 1906, Lee 
de Forest invented the triode, the only device available in those days for the 
radio-frequency community. It is a transit time based device in which the fi- 
nite transit time of the electron is comparable to the period of the alternating 
voltage between the electrodes. Its improved variants and developed versions 
such as tetrodes are still used in systems for certain applications, such as 
radio and TV broadcasting and induction heating applications in industry. 
This new invention of electron tubes paved the way for further developments 
in radio and wireless transmission in the first two decades of the 1900s. Radar 
and antenna technology also started to bloom with the advent of various elec- 
tron tubes. But these electron tubes had some inherent limitations. Although 
they are capable of delivering very high powers at low frequencies, their power 
levels decrease rapidly at higher frequencies. Moreover, the onset of two world 
wars pushed the strategic needs to higher frequencies and higher power levels 
as the lower frequency regions of the electromagnetic spectrum were slowly 
becoming congested. This motivated the quest for still higher powers and 
frequencies. In 1921, Hull invented the magnetron, one of the oldest mem- 
bers of the family of microwave tubes. It is a crossed field device in which 
the potential energy of the electrons is transferred to the waves. It is called 
an M-type device since the electric and magnetic fields are perpendicular to 
each other. Especially during and after world war II, the importance of high 
power and high frequency microwave sources was immensely felt by the need 
of specific users for military applications which led to further investigations 
in the field of microwave tubes. Meanwhile, in 1937, the Varian brothers de- 
veloped their earlier version of the klystron amplifier and in 1944 Kompfner 
developed the helix travelling wave tube. Both these microwave tubes are 
0-type devices in which the electric and magnetic fields are parallel to each 
other. In the travelling wave type of tubes, the kinetic energy of the elec- 
trons is transferred to the waves by amplifying them further. Travelling wave 
tubes and klystrons widely dominated the microwave tube industry in the 
1950s and 1960s. A variety of these conventional microwave tubes and their 
variants were successfully developed and employed in systems during this pe- 
riod. In later years, solid state devices started to show great promise both in 
size and cost. They offer a variety of cost-effective devices for a wide range 
of microwave applications. But the main problem remains for this otherwise 
very useful technology. They cannot offer higher powers at frequencies above 
a certain limit for use in some of the applications mentioned earlier [1, 2]. 

The search moved slowly towards higher frequencies with the successful 
use of microwaves for plasma, spectroscopy, medical, industrial heating and 
other applications. Conventional microwave tubes, although promising for de- 
livering a few hundreds of kilowatts of CW power at frequencies below 1 GHz 
showed little sign of hope to work at frequencies above this while giving higher 
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Fig. 1.2. General classification chart of microwave tubes 



powers. The inherent limitation with these conventional microwave tubes is 
the tremendous decrease in the dimensions of the interaction structure with 
increasing frequency (that is decreasing wavelength, see Fig. 1.1). Therefore, 
the possibility of extracting higher power to as needed for ECRH type appli- 
cations from conventional microwave tubes has been ruled out. This required 
newer ideas in the development of novel devices by suitably exploring and 
exploiting the first principles of physics. The sixties and seventies of the last 
century saw the field of superconductivity making great strides both in terms 
of materials and technology. Superconducting magnets capable of providing 
a few tens of Teslas of magnetic field have been built for various scientific ap- 
plications. These new circumstances, requirements, and efforts of the earlier 
researchers on basics gave birth to a new fast wave device, the gyrotron in the 
mid sixties; the possibility of such a device was conceived in the late fifties. 
A general classification of the different types of microwave tubes is given in 
Fig. 1.2. Some of these will be discussed in more detail in the next chapter. 



1.2 Outline and Scope 

As has already been mentioned, the first cavity based linear and crossed-field 
microwave sources of the 1930s have come a long way in the production of very 
high powers, both pulsed and CW. Crossed-field amplifiers were also devel- 
oped successfully in the 1960s. In addition, tremendous technological changes 
and advancements took place in the production of relativistic electron beams 
and in the field of modulators and pulsed power technology. Experimental 
tokamaks and stellarators started functioning for plasma researchers, and 
experimental fusion reactors were discussed and planned; these require very 
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high powers in various regions of the microwave spectrum. The concepts of 
the generation of microwaves by making use of electron cyclotron resonance 
maser instabilities explored in the late 1950’s led to the development of the 
earliest version of the gyrotron in Russia in the mid sixties [3]. Prom then 
on, the gyrotron technology has gained momentum and matured to today’s 
version of the device which could meet the requirements of specific users. 
The following Table 1.1 shows the major events leading to the development 
of modern gyrotrons. 



Table 1.1. The major events leading to the development of today’s gyrotrons [1, 2] 



Year 


Event 


1870 


Theoretical Maxwell’s equations 


1876 


Telephone by Alexander Graham Bell 


1887 


Experimental demonstration of Maxwell’s equations 
by H. Hertz 


1897 


Discovery of the electron by J.J. Thomson 


1901 


Transatlantic wireless transmission 


1904 


First rudimentary radar by C. Hiilsmeyer 


1906 


Triode type electron tube by L. de Forest 


1909 


G. Marconi and K.F. Braun share the physics Nobel Prize 
for contributions to the physics of electric oscillations 
and radio-telegraphy 


1911 


Discovery of superconductivity by H. Kammerling Onnes 


1920 


First transit time microwave tube (retarding field tube) 
by H. Barkhausen 


1921 


Magnetron by A.W. Hull 


1935 


First publication on the theory of linear beam microwave tubes 
by Oskar and Agnesa Heil 


1937 


Klystron by Varian brothers 


1943 


Traveling wave tube by R. Kompfner 


1950 


Note on microwave generation by using the rotational energy 
of helical electron beam by H. Kleinwachter 


1954 


Discovery of maser by Gordon 


1958, 1959 


Theoretical investigations on the generation of microwaves 
by ECM interaction by R. Twiss, J. Schneider, and A. Gaponov 


1965 


Earliest version of gyrotrons developed in Russia 


1980s 


Plans and proposals on JET and ITER 


1990s to present 


Successful development of modern gyrotron technology 
at lAP (Nizhny Novgorod), Russia, FZK (Karlsruhe), Germany, 
JAERI (Naka), Japan, CPI (formerly Varian, Palo Alto), USA, 
and elsewhere in the world 


2002 


European 140 GHz gyrotron produces 0.9, 0.55, 0.26 MW 
for 180, 940, 1300 s respectively (FZK, CRPP, CEA, TED) 
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The basic objective of this book is to provide a detailed monograph on the 
theory and design of gyrotrons (mainly of conventional type), that provides 
a ready reference for practicing researchers, scientists and engineers in mi- 
crowave technology. In Chap. 2, a brief review of gyro-devices is given. Chap- 
ters 3 and 4 cover the theory of gyrotrons. The basic principle of gyrotrons, 
physical model for the high frequency behaviour of tapered open resonators, 
equation of motion and self-consistent calculations, and mode competition are 
presented. In addition to the conventional hollow cavity structures, coaxial 
and complex cavity resonators are also treated and various versions of dimen- 
sionless variables are discussed. Chapter 5 provides practical considerations 
for gyrotron design, keeping in mind the design constraints, including techno- 
logical and physical limitations. Estimation of wall losses, voltage depression, 
and limiting current is given. The choice of beam radius and the Fresnel 
parameter are discussed. Based on linearized theory, the starting current is 
derived; this is useful for understanding the sequential startup of the various 
possibly competing modes in the interaction structure. Rieke diagrams for gy- 
rotron oscillators to assess the effect of reflections are also presented. Chap- 
ter 6 deals with the design of magnetron injection guns, magnetic guiding 
system, and beam dump (collecting system). The design of the output taper 
and quasi-optical launcher is given in Chap. 7. RF windows for gyrotrons are 
dealt with in Chap. 8. As an example, the design of various specific gyrotrons 
is described in Chap. 9. Finally, various scientific and technological applica- 
tions of gyrotrons are presented in chap. 10. An extensive list of references, 
both early and currently relevant for the latest developments on gyrotrons 
and other fast wave microwave sources is provided to benefit contemporary 
researchers and readers. 




2 Review of Gyro-Devices 



2.1 Introduction 

The possible applications of gyrotron oscillators and other cyclotron-reson- 
ance maser (CRM) fast wave devices span a wide range of technologies [4-6] . 
Most work on CRM devices has investigated the conventional gyrotron os- 
cillator (gyromonotron) [7-17] in which the wave vector of the radiation in 
an open-ended, irregular cylindrical waveguide cavity is transverse to the di- 
rection of the applied magnetic field, resulting in radiation near the electron 
cyclotron frequency or one of its harmonics. Long pulse and CW gyrotron 
oscillators delivering output powers of 100-960 kW at frequencies between 28 
and 170 GHz have been used very successfully in thermonuclear fusion re- 
search for plasma ionization and start-up, electron cyclotron resonance heat- 
ing (ECRH) and local current density profile control by noninductive electron 
cyclotron current drive (ECCD) at system power levels up to 4 MW. 

ECRH has become a well established heating method for both tokamaks 
[18-23] and stellarators [24-29]. The confining magnetic fields in present day 
fusion devices are in the range of Bq = 1.0-3. 6 Tesla. As fusion machines 
become larger and operate at higher magnetic fields {B = 5-6 T) and higher 
plasma densities in steady state, it is necessary to develop CW gyrotrons that 
operate at both higher frequencies and higher mm- wave output powers. The 
requirements of the projected tokamak experiment ITER (International Ther- 
monuclear Experimental Reactor) and of the future new stellarator (W7-X ) 
at the Division of the Max-Planck-Institut fur Plasmaphysik in Greifswald 
are between 10 and 40 MW at frequencies between 140 GHz and 170 GHz 
[19, 27, 30-33]. This suggests that mm- wave gyrotrons that generate output 
power of at least 1 MW, CW per unit are required. Since efficient ECRH 
needs axisymmetric, narrow, pencil-like mm- wave beams with well defined 
polarization (linear or elliptical), single-mode gyrotron emission is necessary 
in order to generate a TEMqo Gaussian beam mode. Single-mode 110-170 
GHz gyromonotrons with conventional cylindrical cavities, capable of 1 MW 
per tube, CW, and 2 MW coaxial cavity gyrotrons are currently under de- 
velopment. There has been considerable progress towards higher frequency 
and power but the main issues are still long pulse or CW operation and the 
appropriate mm-wave vacuum window. The availability of sources with fast 
frequency tunability would permit the use of a simple, non-steerable mirror 
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antenna at the plasma torus for local current drive experiments [34, 35]. Fre- 
quency tuning has been shown to be possible in quasi-optical Fabry-Perot 
cavity gyrotrons [36, 37] as well as in cylindrical cavity gyrotrons with step 
tuning (different operating cavity modes) [38-46]. 

The state-of-the-art status and future prospects of the development of 
gyrotron oscillators is annually brought out by Thumm [2] for ECRH as 
well as for ECR plasma sources for the generation of multi-charged ions and 
soft X-rays [47, 48], the development of very high frequency gyromonotrons 
for active plasma diagnostics [49-54], high-frequency step tunable gyrotrons, 
technological gyrotrons, relativistic gyrotrons and quasi-optical gyrotrons. 

Gyrotron oscillators have also been successfully utilized in materials pro- 
cessing (e.g. advanced ceramic sintering, surface hardening or dielectric coat- 
ing of metals and alloys) as well as in plasma chemistry [4-6, 55-58]. The use 
of gyrotrons for such technological applications appears to be of interest if 
one can realize a relatively simple, low cost device which is as easy to use as, 
for example, a magnetron. Gyrotrons with low magnetic field (operated at 
the second harmonic of the electron cyclotron frequency), low anode voltage, 
high efficiency and long lifetime are under development. Mitsubishi in Japan 
and Gycom in Russia are employing permanent magnet systems [59-63]. 

The next generation of high energy physics accelerators and the next fron- 
tier in understanding of elementary particles is based on the supercollider. 
For normal conducting linear electron positron colliders that will reach center 
of mass energies of (> 1 TeV it is thought that sources at 17 to 35 GHz with 
^out = 300 MW, r = 0.2 ps and characteristics that will allow approximately 
1000 pulses per second will be necessary as drivers [64-66]. These must be 
phase-coherent devices, which can be either amplifiers or phase locked oscilla- 
tors. Such generators are also required for super-range high resolution radar 
and atmospheric sensing [67-70]. 



2.2 Classification of Fast Wave Microwave Sources 

Fast wave devices in which the phase velocity of the electromagnetic wave 
is greater than the speed of light c, generate or amplify coherent electromag- 
netic radiation by stimulated emission of bremsstrahlung from a beam of 
relativistic electrons. The electrons radiate because they undergo oscillations 
transverse to the direction of beam motion by the action of an external force 
(field). For such waves the electric field is mainly transverse to the propaga- 
tion direction. 

The condition for coherent radiation is that the contribution from the 
electrons reinforces the original emitted radiation in the oscillator or the 
incident electromagnetic wave in the amplifier. This condition is satisfied 
if a bunching mechanism exists to create electron density variations of a 
size comparable to the wavelength of the imposed electromagnetic wave. To 
achieve such a mechanism, a resonance condition must be satisfied between 
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the periodic motion of the electrons and the electromagnetic wave in the 
interaction region [16, 71, 72] 

LO — kzVz = sf2 , 5 = 1, 2 • • • {kzVz = Doppler term) . (2.1) 

Here u and kz are the wave angular frequency and characteristic axial 
wavenumber, respectively, Vz is the translational electron drift velocity, u 
is an effective frequency, which is associated with macroscopic oscillatory 
motion of the electrons, and s is the harmonic number. 

In the electron cyclotron maser (ECM) , electromagnetic energy is radiated 
by relativistic electrons gyrating in an external longitudinal magnetic field. 
In this case, the effective frequency u corresponds to the relativistic electron 
cyclotron frequency: 

^ = — with and 7 = - , (2.2) 

7 rUe Vl - (^/c)2 ^ ^ 

where — e and rrie are the charge and rest mass of an electron, 7 is the rela- 
tivistic factor, and Bq is the magnitude of the guide magnetic field. A group 
of relativistic electrons gyrating in a strong magnetic field will radiate co- 
herently due to bunching caused by the relativistic mass dependence of their 
gyration frequency. Bunching is achieved because, as an electron loses energy, 
its relativistic mass decreases and it thus gyrates faster. The consequence is 
that the electric field of a small amplitude wave, while extracting energy 
from the particles, causes them to become bunched in gyration phase and 
reinforces the existing wave electric field. The strength of the magnetic field 
determines the radiation frequency. 

In the case of a spatially periodic magnetic or electric field (undula- 
tor/wiggler), the transverse oscillation frequency (bounce frequency) of 
the moving charges is proportional to the ratio of the electron beam velocity 
Vz to the wiggler field spatial period Thus, 

kyjVz ■) kyj — 27t/ . ( 2.3) 

The operating frequency of such devices, an example of which is the free 
electron maser (FEM) [73-77], is determined by the condition that an elec- 
tron in its rest frame “observes” both the radiation and the periodic exter- 
nal force at the same frequency. If the electron beam is highly relativistic, 
(uph = Vz = c) the radiation will have a much shorter wavelength than the 
external force in the laboratory frame (A = A^^/27^ so that a; = 27^ i?^). 
Therefore, FEMs are capable of generating electromagnetic waves of very 
short wavelength determined by the relativistic Doppler effect. The bunching 
of the electrons in FEMs is due to the perturbation of the beam electrons by 
the ponderomotive potential well which is caused by “beating” of the elec- 
tromagnetic wave with the spatially periodic wiggler field. It is this bunching 
that enforces the coherence of the emitted radiation. 
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In the case of ECMs and FEMs, unlike most conventional microwave 
sources and lasers, the radiation wavelength is not determined by the char- 
acteristic size of the interaction region. Such fast-wave devices require no 
periodically rippled walls or dielectric loading and can instead use a simple 
hollow-pipe oversized waveguide as a circuit. These devices are capable of 
producing very high power radiation at cm-, mm-, and submillimeter wave- 
lengths since the use of large waveguide or cavity cross sections reduces wall 
losses and breakdown restrictions, as well as permitting the passage of larger, 
higher power electron beams. It also relaxes the constraint that the electron 
beam in a single cavity can only remain in a favourable RF phase for half 
of a RF period (as in klystrons and other devices employing transition ra- 
diation). In contrast with klystrons, the reference phase for the waves in 
fast wave devices is the phase of the electron oscillations. Therefore, the de- 
parture from the synchronous condition, which is given by the transit angle 
0 = {lu — kzVz — sf2)Llvz, can now be of order 27 t or less, even in cavities or 
waveguides that are many wavelengths long. 

The origin of ECMs traces back to the late 1950s, when three investi- 
gators began to examine theoretically the generation of microwaves by the 
ECM interaction [7, 78]: R. Twiss in Australia [79], J. Schneider of Germany 
in the US [80] and A. Gaponov in Russia [81]. A short note on the possibil- 
ity of using the rotational energy of a helical electron beam for microwave 
generation was published by the German H. Kleinwachter in 1950 [82]. In 
early experiments with devices of this type, there was some debate about the 
generation mechanism and the relative roles of fast-wave interactions mainly 
producing azimuthal electron bunching and slow-wave interactions mainly 
producing axial bunching [7, 78]. The predominance of the fast wave ECM 
resonance with its azimuthal bunching in producing microwaves was experi- 
mentally verified in the mid-1960s in the US [83] (where the term “electron 
cyclotron maser” was apparently coined) and in Russia [3]. 

Many configurations can be used to produce coherent radiation based 
on the electron cyclotron maser instability. The departure point for designs 
based on a particular concept is the wave-particle interaction. Dispersion di- 
agrams, also called u — kz plots or Brillouin diagrams [4, 72, 84-86], show the 
region of cyclotron interaction (maximum gain of the instability) between an 
electromagnetic mode and a fast electron cyclotron mode (fundamental or 
harmonic) as an intersection of the waveguide mode dispersion curve (hyper- 
bola): 

= klc^ + k\c^ (2.4) 

with the beam- wave resonance (straight) line given by (2.1). In the case of 
a device with a cylindrical resonator the perpendicular wavenumber is given 
by k± = Xmn/Ro where Xmn is the nth root of the corresponding Bessel func- 
tion (TMjnn modes) or its derivative (TEmn modes) and Rq is the waveguide 
radius. Phase velocity synchronism of the two waves is present in the intersec- 
tion region. The interaction can result in a device that is either an oscillator 
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or an amplifier. In the following subsections, the different ECM devices are 
classified according to their dispersion diagrams. 



2.2.1 Gyrotron Oscillator and Gyroklystron Amplifier 

Gyrotron oscillators were the first ECMs to undergo major development. In- 
creases in device power were the result of Russian developments starting from 
the early 1970s, of magnetron injection guns, which produce electron beams 
with the necessary transverse energy (while reducing the spread in trans- 
verse energies to acceptable levels) and in tapered, open-ended waveguide 
cavities that maximize efficiency by tailoring the electric field distribution in 
the resonator [7-15]. 

Gyrotron oscillators and gyroklystrons are devices which usually utilize 
only weakly relativistic electron beams {E < 100 keV, 7 < 1.2) with high 
transverse momentum (velocity ratio a = v±/vz > 1) [72]. The wavevector 
of the radiation in the cavity is transverse to the direction of the external 
magnetic field {k± ^ kz, and the Doppler shift is small) resulting, according 
to equations (2.1) and (2.2), in radiation near the electron cyclotron frequency 
or one of its harmonics: 



(jj = suc , 5 = 1,2, • • • . (2.5) 

In the case of cylindrical cavity tubes (see Figs. 2.1 and 2.2) the operating 
mode is close to cutoff (t;ph = u/kz ^ c) and the frequency mismatch cj — scjc 
is small but positive in order to achieve correct phasing, i.e. keeping the 
electron bunches in the retarding phase [72, 84-86]. The Doppler term kzVz 
is of the order of the gain width and is small compared with the radiation 
frequency. The dispersion diagrams of fundamental and harmonic gyrotrons 
are illustrated in Figs. 2.3 and 2.4, respectively. The velocity of light line is 
determined by u = ckz. For given values of 7 and Rq? a mode represented 
by Xjnn and oscillating at frequency u is only excited over a narrow range of 
Bq. By variation of the magnetic field, a sequence of discrete modes can be 
excited. The frequency scaling is determined by the value of Bofy. Modern 
high power, high order volume mode gyrotron oscillators for fusion plasma 
applications employ an internal quasi-optical mode converter with lateral 
microwave output [72] and a single-stage depressed collector (SDC) for energy 
recovery (see Fig. 2.5). Operation at higher cyclotron harmonics reduces the 
required magnetic field for a given frequency by the factor s. The predicted 
efficiencies for gyrotrons operating at higher harmonics (5 = 2 and 3) are 
comparable with those operating at the fundamental frequency [7-15, 72, 
84-86]. At low voltages, the number of electron orbits required for efficient 
bunching and deceleration of electrons can be large, which means that the 
resonant interaction has a narrow bandwidth, and that the RF field may 
have moderate amplitudes. In contrast with this, at high voltages, electrons 
should execute only about one orbit. This requires correspondingly strong RF 
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Fig. 2.1. Schematics of a gyrotron oscillator and of the irregular waveguide of a 
gyromonotron oscillator [12, 17] (left) and gyro-klystron amplifier [84] (right) 



fields, possibly leading to RF breakdown, and greatly broadens the cyclotron 
resonance band, thus making possible an interaction with many parasitic 
modes. 

2.2.2 Cyclotron Autoresonance Maser (CARM) 

In a gyrotron with a more relativistic beam (> 1 MeV), an eflBcient interaction 
will lead to an average energy loss comparable to the initial electron energy. 
As a result, the change in the gyrofrequency is much greater than in the 
weakly relativistic case. It is therefore desirable to identify the condition 
under which such a highly relativistic electron beam remains synchronous 
with the RF field. A possibility for achieving synchronism is to utilize the 
interaction of electrons with electromagnetic waves propagating with a phase 
velocity close to the speed of light in the direction of the magnetic field. In 
this case, the Doppler shift term kzVz is large, and the appropriate resonance 
condition is 



LO ~ kzVz + SUc . 



( 2 . 6 ) 
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Conventional gyrotron Quasl-optical gyrotron 




Fig. 2.2. Principle of a conventional gyrotron with cylindrical cavity resonator and 
of a quasi-optical gyrotron with mirror resonator [36, 37] 




Fig. 2.3. Dispersion diagram of a gyrotron oscillator (fundamental resonance) 




Fig. 2.4. Dispersion diagram of a harmonic frequency gyrotron oscillator 
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Fig. 2.5. Schematic layout of a modern high order volume mode gyrotron with 
quasi-optical mode converter and single stage depressed collector [2] 

If Vph. — c, the increase in cyclotron frequency due to extraction of beam 
energy (decrease of 7) nearly compensates the decrease in the Doppler shifted 
term. Therefore, if the resonance condition is initially fulfilled, it will continue 
to be satisfied during the interaction. This phenomenon is called autoreso- 
nance, and the cyclotron maser devices operating in the relativistic Doppler- 
shifted regime are called cyclotron autoresonance masers or CARMs [ 16 , 71 ]. 
Figure 2.6 shows how the Brillouin diagram of the fast cyclotron wave changes 
during the autoresonance interaction such that the working frequency u re- 
mains constant even though both Uc and Vz are changing. 
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Fig. 2.6. Dispersion diagram of the cyclotron autoresonance maser (CARM) 
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Fig. 2.7. Schematic of a long pulse CARM oscillator [87] with Bragg resonator [71] 



The CARM interaction corresponds to the upper intersection and is based 
on the same instability mechanism as that of the gyrotron but operated far 
above cutoff. The instability is convective, so feedback, for instance, by a 
Bragg resonator (see Fig. 2.7) [71] is required for an oscillator and it is nec- 
essary to carefully discriminate against other interactions corresponding to 
the lower frequency intersection in the dispersion diagram Fig. 2.6. The prob- 
lem can be alleviated by employing the fundamental TEn or (HEn hybrid) 
mode and properly choosing the system parameters to be within the stability 
limit. Compared to a gyrotron, there is a large Doppler frequency upshift of 
the output (u; ~ 7^cuc) permitting a considerably reduced magnetic field Bq 
for a given frequency. Since the axial bunching mechanism can substantially 
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offset the azimuthal bunching, the total energy of the beam and not only the 
transverse component is available for RF conversion. 

In contrast to a gyrotron, a CARM has an electron beam with low to 
moderate velocity ratio (a < 0.7). The eflSiciency of a CARM is extremely 
sensitive to, a spread in the parallel beam velocity. The velocity spread Av^jvz 
must be lower than 1% to achieve the full theoretically expected efficiency of 
40% [71, 87]. 

It has been suggested that an ECM operating in the Cherenkov regime 
('^ph < c) may be an attractive alternative high power microwave source. This 
slow-wave CARM utilizes the coupling between the slow cyclotron wave on 
the electron beam and the slow electromagnetic waves of the cavity at the 
anomalous Doppler cyclotron resonance equation (2.6) with 5 = — 1 or any 
other negative integer. Such a slow-wave ECM can be driven by an electron 
beam with predominantly axial velocity as in conventional Cherenkov devices. 
Experimental demonstrations were reported in [88-91], in which dielectric 
loaded and corrugated waveguide slow-wave structures were used. Since the 
transverse wavenumber of slow waves is imaginary, their fields are localized 
near the structure wall, and therefore the electron beam should also propagate 
close to the wall to couple to these waves. 

2.2.3 Gyro-TWT (Travelling Wave Tube) 
and Gyrotwystron Amplifier 

From the theoretical point of view, the gyro-TWT differs from the CARM 
only in the regimes of operation. The gyro-TWT utilizes a moderately rela- 
tivistic electron beam to interact with a fast waveguide mode near the grazing 
intersection of the frequency versus wavenumber plot (see Fig. 2.8) where the 
resonance line is tangent to the electromagnetic mode. 

This produces high gain and efficiency because the phase velocities of 
the two modes are nearly matched and the group velocity of the waveguide 
mode is nearly equal to Vz- In the gyro-TWT regime {u;/kz ^ c), the ax- 
ial bunching mechanism is too weak to be of any significance. To benefit 
from autoresonance, the cutoff frequency should be reduced relative to the 
cyclotron frequency. The circuit employed in a gyro-TWT consists simply of 
an unloaded waveguide. Since no resonant structures are present, the gyro- 
TWT is potentially capable of much larger bandwidth than a gyroklystron 
and thus can be used as the output amplifier in mm-wave radar communica- 
tion systems. Recent devices employ tapered magnetic fields and interaction 
circuits as well as two stages in order to optimize the beam-wave interaction 
along the waveguide [92, 93]. 

The sensitivity to velocity spread can be greatly reduced by coupling 
between the second harmonic cyclotron mode of a gyrating electron beam 
and the radiation field in the region of nearly infinite phase velocity over a 
broad bandwidth by using a cylindrical waveguide with a helical corrugation 
on its inner surface [94]. 
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Fig. 2.8. Dispersion diagram and scheme of the interaction circuit of a Gyro-TWT 
amplifier 



The gyrotwystron [7], a hybrid device, is derived from the gyroklystron 
by extending the length of the drift section and replacing the output cavity 
with a slightly tapered waveguide section as in a gyro-TWT. The output 
waveguide section is excited by the beam of electrons that are bunched be- 
cause of modulation in the input cavity. The gyrotwystron configuration can 
mitigate the problem of microwave breakdown at high power levels, since 
the microwave energy density in the output waveguide can be much smaller 
than in an output cavity. The inverted gyrotwystron is a device consisting 
of the input waveguide, drift section, and output cavity [95]. The travelling 
signal wave in the input waveguide may induce a high harmonic content in 
the electron current density. Then the prebunched electron beam can excite 
phase-locked oscillations in the cavity at a harmonic of the signal frequency. 

2.2.4 Gyro-BWO (Backward Wave Oscillator) 

If the electron beam and/or magnetic field is adjusted so that the straight 
fast wave beam line crosses the negative /c^-branch of the waveguide mode 
hyperbola (see Fig. 2.9) then an absolute instability (internal feedback) with 
a “backward wave” occurs. 

In the gyro-BWO the frequency of operation is now governed by the 
slope of the line, which is a function of and thus of the beam acceleration 
voltage t/beam- Consequently, just as in the case of conventional BWOs (e.g. 
carcinotron) , the frequency of oscillation can be continuously changed very 
fast over a broad range, using t/beam in place of Bq. However, there is a 
Doppler down shift in frequency {oOc/2 < oo < cUc), so that very high magnetic 
fields are required for high frequency operation. 
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Fig. 2.9. Dispersion diagram and scheme of interaction circuit of Gyro-BWO 



2.2.5 Overview of Gyro-Devices 

The bunching of electrons in the gyrotron oscillator discussed in Sect. 2.2.1 
has much in common with that in conventional linear electron beam de- 
vices, namely, monotron, klystron, TWT, BWO and twystron [7]. In both 
cases the primary energy modulation of the electrons gives rise to bunching 
(azimuthal or longitudinal) which is inertial. The bunching continues even 
after the primary modulation field is switched off (at the drift section of 
a klystron- type devices). This analogy suggests a correspondence between 
linear-beam (0-type) devices and various types of gyro-devices. Figure 2.10 
presents schematic drawings of devices of both classes and the orbital effi- 
ciencies calculated using a simplified uniform approximation for the longi- 
tudinal structure of the RF field in the gyromonotron {s = 1) [7]. For the 
gyroklystron, the calculation was made in the narrow-gap approximation of 
the RF field in the input and output cavities. The electrodynamic systems 
of the gyro-TWT and gyro-BWO, as well as the output section of the gy- 
rotwystron, were assumed to have the form of a uniform waveguide. In all 
these cases the magnetic field is assumed to be homogeneous. 

In addition, relativistic gyrotrons, large-orbit harmonic and pulsed gy- 
rotrons, peniotrons, and gyro-peniotrons are source types similar to, but also 
quite different in one way or another from, the ECMs. The large orbit gy- 
rotron employs an axis-encircling electron beam in which the trajectory of 
each electron takes it around the axis of the cylindrical interaction region. 
Peniotrons and gyropeniotrons are driven by an interaction that is phased 
quite differently from the ECM interaction; in practice, the peniotron and 
ECM mechanisms compete [72, 84-86, 96]. 
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Fig. 2.10. Overview of gyro-devices and comparison with their conventional coun- 
terparts [7] 



2.2.6 Magnicons and Gyroharmonic Converters 

The magnicon is a member of the class of scanning-beam amplifier tubes 
[14, 97]. It is a magnetized device that uses a fast-wave output cavity. There- 
fore, it can also be grouped with gyro-devices in which electrons gyrating in 
an external magnetic field emit bremsstrahlung radiation near the cyclotron 
resonance. In the earliest version of the magnicon, an electron beam is de- 
flected in the unmagnetized input cavity, using a rotating TMno mode and 
after passing through an also unmagnetized drift space, the deflected beam is 
spun up to high transverse momentum by entry into a strong magnetic field 
at the entrance of the output cavity. 

As a result of the phase-synchronous transverse deflection of the electron 
beam as a whole, the beam electrons entering the output cavity execute Lar- 
mor motion whose entry point and guiding center rotate in space around the 
cavity axis at the drive frequency. In the output cavity, the beam is used to 
drive a cyclotron-resonant fast-wave interaction with a synchronously rotat- 
ing TMiio mode that extracts mainly the transverse beam energy. This in- 
teraction can be highly efficient, because the magnicon beam is fully bunched 
in space and in gyrophase, so that the phase bunching produced by the cy- 
clotron maser instability is not required. With all the electrons decelerated 
identically, very high efficiencies can be achieved. 

Recently, higher perveance versions of the magnicon have been developed 
[97], in which a fully magnetized electron beam is spun up to a high transverse 
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momentum in a sequence of deflection cavities containing synchronously ro- 
tating TMiio modes, the first driven by an external RF source (see Fig. 2.11). 
In addition, the output cavity can operate in the mth harmonic of the drive 
frequency by using TM^^io modes with m > 1 , permitting extension of mag- 
nicon operation to higher operating frequencies. Again the point of injection 
of the beam into the output cavity, as well as the entry gyrophase, rotate 
synchronously with a rotating RF mode of the output cavity. This makes 
possible much higher efficiencies than in most other gyro-devices. The key to 
the efficiency of these new magnicon designs is to spin the beam up to high 
transverse momentum (a > 1 ) without producing large spreads in energy 
and gyrophase, so that the output cavity interaction will remain coherent 
over the entire ensemble of electrons, and not just synchronous in time. This 
requires great care in the design of the deflection cavities, in particular of the 
penultimate deflection cavity that produces more than half of the beam spin 
up. Since these spreads are generated by the fringing fields of the beam tun- 
nel apertures in the deflection cavities and the output cavity, it also requires 
the use of a very small initial beam radius. 

A similar “scanning-beam” device is the gyroharmonic converter in which 
so-called “co-generation” arises from a near match in group and phase veloc- 
ities between the input cavity TEn mode at frequency oo and the TE 72 mode 
at frequency 7u in a cylindrical waveguide [98]. This match allows efficient 
power transfer into the 7th harmonic from a fundamental frequency wave 
that energizes an electron beam via cyclotron autoresonance acceleration 
(CARA). Theory indicates that high conversion efficiency can be obtained 
for a high quality beam injected into CARA, provided that mode competi- 
tion can be controlled. Generation of 0.5 MW power (3 ps pulse duration, 5% 
efficiency) at 8.57 GHz (third harmonic of 2.856 GHz) in the TE 31 mode has 
been observed in experiments using a 350 kV, 30 A electron beam [98, 99]. 

2.2.7 Free Electron Lasers 

Free electron lasers (FELs) differ from the other high-power microwave 
sources considered in this report in that they have demonstrated output over 
a range of frequencies extending far beyond the microwave spectrum, well 
into the visible and ultraviolet range [73-77, 84, 85]. To achieve this spectral 
versatility, FELs exploit relativistic beam technology to upshift the electron 
“wiggle” frequency by an amount roughly proportional to 7 ^ (see Fig. 2.12). 
In this respect, perhaps a more descriptive name is that coined by R.M. 
Phillips [100]: UBITRON, for an “undulated beam interaction electron” tube. 
A magnetostatic wiggler is the most common, but not the only means, for 
providing electron undulation. An electrostatic wiggler or the oscillatory field 
of a strong electromagnetic wave can also play this role. Devices with such 
electromagnetic wigglers are sometimes called scattrons [7, 16, 71]. The dis- 
tinction between long wavelength free electron masers (FEM) (A > 0.5 mm) 
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Fig. 2.12. The basic FEM configuration in which the electron beam undulates in 
the periodic magnetic field of the wiggler [2] 



and short wavelength FELs is natural because higher current and lower en- 
ergy beams are typically employed for long wavelength devices and space- 
charge effects are more important. In particular, the dominant interaction 
mechanism is often coherent Raman scattering. Also, while short wavelength 
FELs excite optical modes, dispersion due to the beam dielectric effects and 
finite transverse dimensions in the drift tubes and cavities are important 
at longer wavelengths. A low power (3W, 2 ms pulses) FEL operating at 
radio frequencies (FER) employing a 420 V, 0.2 A electron beam holds the 
world record for long wavelength (/ = 266 MHz, A = 1.1m, = 0.04 m, 

=0.04T) [101]. 

The FEM appears to be potentially capable of fulfilling all the require- 
ments for a frequency tunable high-power mm- wave source. Coverage of the 
entire frequency range of 130-260 GHz presents no severe problems, and even 
higher frequencies are feasible [102-111]. Rapid tunability over more than 
±5% can be obtained by variation of the beam energy. The interaction oc- 
curs in a cavity operating in low-order modes, which have very good coupling 
to a Gaussian beam output. The relatively low RF wall loading and the use 
of high electron beam energy (> 0.5 MeV) and a multi-stage depressed col- 
lector are compatible with a high unit power at efficiencies around 50% if 
the electron beam interception can be maintained at an acceptable level. The 
highest GW power generated by an FEM is 36 W (15 GHz) [112] whereas 
the IR (3.1 |Lim)-FEL at the Thomas Jefferson National Accelerator Facility 
obtained a record average power of 2.13 kW at 3.5% efficiency [113]. 

Table 2.1 gives a comparison of the main performance parameters and fea- 
tures of gyrotron oscillators and FEMs for ECRH of plasmas in nuclear fusion 
research. The important advantage of the FEM is its continuous frequency 
tunability and the possibility of high unit power, but the gyromonotron is a 
much simpler device. Up to now, the cylindrical cavity gyrotron is the only 
millimeter wave source which has had an extensive on-the-field experience 
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Table 2.1. Comparison of parameters and features of gyrotron oscillators and 
FEMs for ECRH [2] 





Gyrotron Oscillator 
(Cyclotron Res. Maser, 
- Axial Magnetic Field) 


Free Electron Maser Oscillator 
Periodic Transverse 
Magnetic Field 


Beam voltage 


low (70-95 kV) 


high (0.2-2 MV) 


Magnetic field 
(140 GHz) 


high (5.5, 1 st harmonic) 


low (0.2 T, wiggler) 


Frequencies 


8-650 GHz 


270 MHz- visible 


Frequency tunability 


^Fbeam • 






fast step tuning (5%) 


fast continuous tuning (10%) 




AB: slow step tuning (35%) 


slow mechanical tuning (50%) 


Electron beam 


magnetron injection gun 


Pierce elctron gun, 
acceleration and deceleration 
tubes, beam optics 


Ohmic losses in cavity 


cutoff cavity 


oversized circuit 




2kW/cm2 


far away from cutoff 


Power density in cavity 


high 


low 


Longitudinal mode 


single mode operation 


nonlinear temporal dynamics 


competition in cavity 




can result in a broad frequency 
spectrum 


Linearly polarized 


generated by internal 


linearly polarized, low-order 


output mode 


quai-optical mode 
converter 


resonator mode 


Number of internal 


2-4 


15-25 


qucisi-optical mirrors 


at ground potential 


phase coherence required 




0.9% ohmic losses 


mostly on 2 MW potential 
6% ohmic losses 


Absorbed power on 
first mirror 
(IMW, 140 GHz) 


3kW 


12 kW 


Internal microwave 
diagnostics 


not required 


required 


Output power 


high average power 


2 GW/20 ns 


(140 GHz) 


1 MW/12 s 


very low duty cycle 


present status 


0.9MW/180S 
(coax. 2.2 MW/ 17 ms) 


(LLNL amplifier) 


Exp. system efficiency 


high 


low 


without energy recovery 


35% 


5-10% 


Collector loading 


relatively low 


high 


Theor. system efficiency 


60% 


60% 


with depressed collector 


(exp. 50%) 




Physical size 


3mx3mx3m 


12mx3mx3m 


Power per unit 
(at 140 GHz) 


IMW (coax. 4 MW) 


5 MW 
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during fusion plasma heating experiments over a wide range of frequencies 
and power levels (8-170 GHz, 0. 1-1.0 MW). 



2.3 Remarks 

Gyrotron oscillators (gyromonotrons) are mainly used as high power millime- 
ter wave sources for electron cyclotron resonance heating (ECRH), electron 
cyclotron current drive (ECCD), stability control and diagnostics of mag- 
netically confined plasmas for generation of energy by controlled thermonu- 
clear fusion. The maximum pulse length of commercially available 1 MW gy- 
rotrons employing synthetic diamond output windows is 5 s at 110 GHz (CPI 
and JAERI-TOSHIBA), 12 s at 140 GHz (FZK-CRPP-CEA-TED) and 9 s 
at 170GHz (JAERI-TOSHIBA), with efficiencies slightly above 30%. Total 
efficiencies of 45-50% have been obtained using single-stage depressed collec- 
tors (for energy recovery). The energy world record of 160 MJ (0.89 MW at 
180 s pulse length and 140 GHz) at power levels higher than 0.8 MW has 
been achieved by the European FZK-CRPP-CEA-TED collaboration at 
FZK where the pulse length restriction to 180 s is due to the high volt- 
age (HV) power supply at 40 A. At lower beam current {I^ = 26 A) it 
was even possible to obtain 506 MJ (0.54 MW for 937 s). The longest shot 
lasted for 1300 s at 0.26 MW output power. These very long pulses were lim- 
ited by a pressure increase in the tube. A maximum output power of 1.2 MW 
in 4.1s pulses was generated with the JAERI-TOSHIBA 110 GHz gyrotron. 
The Russian and the Japan 170 GHz ITER gyrotrons achieved 0.5 MW at 
80s pulse duration and 0.3 MW at 60s, respectively. Diagnostic gyrotrons 
deliver Pout = 40 kW with r = 40 |is at frequencies up to 650 GHz {r] > 4%). 
Gyrotron oscillators have also been successfully used in materials processing. 
Such technological applications require gyrotrons with the following parame- 
ters: / > 24 GHz, Pout = 10-50 kW, CW, r/ > 30%. The highest CW powers 
produced by gyrotron oscillators, gyroklystrons and FEMs are, respectively, 
340 kW(28 GHz), 10 kW (94 GHz) and 36 W (15 GHz). The IR (3.1 ps) EEL 
at the Thomas Jefferson National Accelerator Facility obtained a record av- 
erage power of 2.13 kW with an efficiency of 3.5% (with energy recovery). 

This chapter gives a brief review of the gyrotron oscillators and their in- 
variants related to the development of high power microwave sources with 
adequate references. An extensive collection of references on the recent de- 
velopmental status of fast- and slow-wave cyclotron autoresonance masers 
(CARM), gyroklystrons, gyrotron travelling wave tube amplifiers (Gyro- 
TWT), gyrotwystrons, gyropeniotrons, and magnicons for such purposes as 
well as of free electron masers (FEM) and broadband gyrotron backward 
wave oscillators (Gyro-BWO) for use as drivers for FEM amplifiers is given 
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3.1 Basic Principle of Gyrotrons 

The gyrotron is a microwave power tube that emits coherent radiation at ap- 
proximately the electron cyclotron frequency or its harmonics. Typical con- 
ventional gyrotron oscillators are built as shown schematically in Fig. 3.1. A 
gyrotron oscillator can be described as follows: the magnetron injection gun 
produces an annular electron beam with the desired beam parameters. The 
beam is transported to the interaction region, where the interaction cavity 
converts a fraction of the beam power to RF power. In case of axial output 
coupling, the spent beam will be collected on the uniform output waveguide 
section after the uptaper and the RF power in the TEmn mode is coupled 
through the axial output vacuum window. 

In the case of radial output coupling, a quasi-optical mode converter is 
connected to the output waveguide and it transforms the rotating TEmn 
mode with axial power flow to a Gaussian mode with a radial power flow. 
The power is then transmitted through a radially located vacuum window 
and the spent beam is dissipated on the collector. A strong externally ap- 
plied magnetic held supports the cyclotron motion of the electrons in the 
beam. The magnetic held in the interaction region is chosen such that the 
cyclotron frequency or one of its harmonics is close to the frequency of the 
RF held in the beam frame of reference. The interaction region consists of an 
open ended waveguide cavity, usually with a circular transverse cross-section. 
The transverse components of the RF flelds in this region interact with the 
electrons in the annular beam and convert a large part of the orbital kinetic 
energy into the RF output. The electrons in the beam must therefore have 
a substantial transverse velocity v±_ as well as the usual longitudinal veloc- 
ity Vz> Most of this transverse velocity comes as a result of the adiabatic 
compression resulting from the increasing magnetic held leading to the inter- 
action region. The flnal ratio of transverse to longitudinal velocity a = v±^jvz 
in the interaction region is typically between 1 and 2 for gyrotrons that use 
magnetron injection guns with thermionic cathodes. The electrons follow he- 
lical paths around the lines of force of the external held. In order for a net 
flow of energy from the transverse electron motion to the electromagnetic 
wave to take place, the electrons must become bunched in phase within their 
cyclotron orbits. Such bunching can occur due to the fact that the electron 
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(a) (b) 




Axial Output Coupling 
through 

Oversized Circular Waveguide 
e.g. TE222 



Radial Output Coupling 
through 

Optical Elements 
TEMgg (Gaussian Beam) 



Fig. 3.1. Schematic of gyrotron with solenoids, magnetron injection gun, inter- 
action cavity, output waveguide and RF window. Here (a) is with axial output 
collection and (b) is with radial output coupling [256] 



cyclotron frequency 






eBp 

rriej 



^0 

7 



(3.1) 



is a function of electron energy. Here —e and rrie are the charge and rest mass 
of the electron. Bp is the magnetic field in the resonator and 7 — Ejm^c? is 
the usual relativistic factor. E is the total energy of the electron. 

The phase bunching process can be most easily understood in a reference 
frame in which the axial velocity vanishes. In Fig. 3.2 an annular electron 
beam with radius Re is depicted in this frame. The electrons arranged around 
this annulus execute circular orbits with radius ri = v±j/Qp. Typically 
ri ^ Re- Initially the phase of the electrons in their cyclotron orbits is 
random as shown in Fig. 3.2. 

In the presence of a transverse RF electric field characteristic of a mi- 
crowave cavity TEmn rnode, the electrons will be accelerated or decelerated. 
As a specific example. Fig. 3.2 depicts an electric field with only an azimuthal 
component, as is characteristic of TEon modes in circular waveguide. With 
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Fig. 3.2. Annular electron beam with initial random phasing of electrons in their 
cyclotron orbits 







Fig. 3.3. Annular electron beam with electrons bunched in phase in their cyclotron 
orbits 



random phasing, there is no net energy exchange. Electron 1 will be decel- 
erated by the azimuthal electric field and thus lose energy, while electron 2 
will be accelerated and hence gain an equal amount of energy. 

Phase bunching and net energy transfer can occur if the wave frequency 
is slightly larger than the initial value of the cyclotron frequency; that is if 

= {6uy > 0 (3.2) 

rrie^o' 

where the subscript 0 denotes the initial value and the prime denotes the ref- 
erence frame in which the electron axial velocity vanishes. Then, as electron 
2 gains energy, its cyclotron frequency decreases; this electron falls farther 
from resonance, gaining less energy on each successive cycle. On the other 
hand, electron 1, which initially loses energy, experiences an increasing value 
of LUc and moves closer to exact resonance with the electric field, thereby 
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Fig. 3.4. Phase bunching for the TE 22 ,s mode with beam energy 75.7 keV, beam 
current h = 39.5 A, magnetic field B = 5.56 T, beam radius 8.1mm, and average 
velocity ratio a = 1.35. Output power = 900 kW. The index k denotes the distance 
along the resonator (z=0.1*kmm) 
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losing an increasing amount of energy on each successive cycle. An insta- 
bility develops in which the wave energy grows in time and the electrons 
bunch in phase within their cyclotron orbits as shown in Fig. 3.3. A more 
complete example of the azimuthal bunching of the electrons in the phase 
space for a TE22,s mode gyrotron at 140 GHz is shown in Fig. 3.4. From this 
figure it is quite clear that the randomly distributed electrons in frame 1 are 
bunched azimuthally in frame 8 as they drift along the interaction region. 
Once the electrons are bunched, they may give up energy to an electric field 
which reverses its direction in each half cycle of the cyclotron frequency in 
synchronism with the Larmor gyration of the electrons. This makes possible 
amplification of an electromagnetic wave at the electron cyclotron frequency. 
Other energy transfer mechanisms also play a role, as has been pointed out 
by Lindsay et al. [114], and actual gyrotron performance is governed by a 
subtle interplay of these factors. Briefly, these are: 

- RF phase shift bunching due to the relativistic variation of the electron 
mass. 

- Axial bunching due to the relativistic variation of the electron mass (if 
the RF magnetic field can be ignored and the external magnetic field 
is uniform, then ^Vz and not Vz is constant. This shifts the gyrophase 
relative to a circularly polarized RF field). 

- Antibunching counteracting both of these, due to the RF magnetic field. 
The effects are proportional to 1 — (?k^ juP' and are thus small for TE 
modes near cutoff {kz 0), as is usual for a gyrotron oscillator. They will 
be important in other devices, such as CARMs (cyclotron autoresonance 
masers), for which kz ^ 0. 

In terms of quantum theory, an electron in a magnetic field has a dis- 
crete energy spectrum for motion transverse to the magnetic field. According 
to Akhiezer and Berestetskii [115], the energy levels (Landau levels) of an 
electron in a homogeneous magnetic field are given by 

E ^ 

= rrie^c^ + Pz^ H- ehBo{n — /x + 1/2) with p, = ±1 . (3.3) 

The energy levels are unequally spaced, with En — En-i > En-\-i — E^ 
and thus stimulated emission and absorption occur at slightly different fre- 
quencies. The condition u' > i? 7 ' defines tuning the frequency of the RF 
field to correspond to stimulated emission of the transition n n — 1. It 
has been pointed out by Flyagin et al. [7] that the bandwidth determined 
by the lifetime in a classical system is considerably larger than the frequency 
difference between the transitions n n + 1 and n — n — 1, and this classical 

broadening completely dominates the interaction. 

Two points should be mentioned briefly. Only the transverse energy of 
electron motion can be transferred to the RF field. This limits the efficiency. 
If we define a = v±fvz, then the maximum efficiency which can be attained is 
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Fig. 3.5. Common classes of cavity modes used in gyrotrons. Contours of the axial 
component of the Poynting vector are shown 



Imax — j ^ q,2 • 

It is thus desirable to work with a beam having as high a transverse energy 
as possible, consistent with limitations arising from reduced beam quality at 
higher values of a. Also from the preceding, it is clear that cj > cjc is desired, 
and that it is also desirable to have the electrons give up their energy near 
the end of the interaction region. Otherwise, they may regain some of their 
energy from the RF field again. This is known as over bunching. 

In a microwave cavity, the operating frequency is determined by both 
the resonant frequency of the cavity mode and by the electron cyclotron fre- 
quency. Thus, the gyrotron can operate with improved stability in a higher 
order cavity mode as compared with other microwave tubes. Therefore, gy- 
rotron cavities are relatively large for a given operating frequency and they 
can handle high power. A disadvantage of working with a large cavity is that 
the spectral density of cavity eigenmodes becomes large (the cavity is said to 
be overmoded) and mode competition can become a severe problem. This is 
discussed in Sect. 4.4. 

The electric field patterns for three major mode classes that have been 
used in gyrotrons are sketched in Fig. 3.5. The TEon modes with purely az- 
imuthal electric fields have been employed in many gyrotrons [116-120]. How- 
ever, gyrotrons designed to operate in simple azimuthally symmetric modes 
(or axisymmetric modes - TEon) suffered from mode competition especially 
with TE 2 n modes when n > 3 [117-119]. The whispering gallery TEmn modes 
with n and n = 1,2 have higher wall losses than the TEon modes, but 
suffer less from mode competition, provided the beam radius i?e is suitably 
chosen (typically on the first radial maximum of the transverse field). But 
for high power operation (long pulse to CW gyrotrons), one should have the 
wall losses less than a technically feasible limit (< 2kW/cm^) and the whis- 
pering gallery modes can pose problems in terms of wall losses. Therefore, as 
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a trade-off between these two type of modes, a third type of mode, known 
as asymmetric volume modes, with m ^ 1 and p > 2 are frequently used in 
present day gyrotrons. They suffer less from high wall losses than whispering 
gallery modes and less from mode competition than axisymmetric modes. 



3.2 Eigenmodes of Tapered, Open Resonator Cavities 

The design of resonators for gyrotron oscillators requires the knowledge of 
the RF field profile, resonator eigenfrequencies, and quality factor Q. In con- 
ventional gyrotrons, the resonator is usually a three section smooth walled 
cylindrical cavity structure as shown in Fig. 3.6. The input taper is a cut- 
off section which prevents the back propagation of RF power to the gun. 
The beam- wave interaction takes place mainly in the uniform middle section 
where the RF-fields reach peak values. The uptaper connects the cavity with 
the output waveguide and the q.o. launcher. The junctions between the sec- 
tions are smoothed in order to minimize unwanted mode conversion at sharp 
edges. Reflections at tapers lead to resonant behaviour of the apparatus; Q 
is a measure of the efficiency with which a wave is transmitted out of the res- 
onator. The resonance frequency uj and the quality factor Q are determined 
by radiation boundary conditions at the resonator output section. There are 
several schemes to determine the eigenmodes in an open-ended cavity res- 
onator [121-128]. The basic procedure is to solve the wave equation in the 
cavity geometry by applying radiation boundary conditions for minimum re- 
flections to obtain resonant frequencies of the eigenmodes. Here we give a 
method [72, 123] that is equivalent to the above approaches. 



Parabolic 




Fig. 3.6. Resonator geometry 
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3.2.1 Physical Model for the High Frequency Fields 
in a Resonator 



We are interested in the eigenmodes of a weakly irregular waveguide, con- 
sidered as an open ended resonator. The azimuthal dependency is taken as 
^-imG (777, rzz 0, 1, 2, • • • ) and the fields are assumed to vary as where the 
complex parameter uj = uo{l-\-i/2Q) corresponds to the resonance frequency 
LUo and quality factor Q respectively. The cavity geometry is shown in Fig. 3.6. 
Maxwell’s equations can be written in the form 



V X E = —iujB = —iuj^H , (3.5a) 

V X if = J -j- iujeE , (3.5b) 

V-{eE)=p, (3.5c) 

V-H-0, (3.5d) 



where p and J are the charge and current densities respectively. From 
Maxwell’s equations one can obtain the wave equation for an axially sym- 
metric situation in the form [129] 

(V^ + k^^)h = 0 (3.6) 



where h is an auxiliary function that satisfies the field equation for TE/TM 
modes. In cylindrical coordinates (r, 0,z), the Laplacian operator is 



V2 = V? -h 



92 

dz‘^ 



Id 1 92 



dr^ 






dr 



4- 



d^ 



2^(92 dz^ 



and kz is the wave propagation number given by 









'^mp 



(3.7) 



where Xmp is the Bessel zero for TE^^p modes defined by J!m{^mp) = 0 
and for TM^p modes by Jm{xmp) = 0. 

Let n be the unit vector normal to the cavity wall such that 



= 0 , 

Tl/j' — COS ^ yu , 



riz = sin 9yj 



tan 9 yj 



dR{z) 

dz 



with 



(3.8a) 

(3.8b) 

(3.8c) 

(3.8d) 



9yj is the taper angle. Now, the boundary conditions at the cavity wall (as- 
sumed to be a perfectly conducting surface) can be written as 
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n • .B = 0 Br — Bz tan^^ , (3.9a) 

n X B = 0 Ee = ^,Ez = -Er tan (3.9b) 



at r = R{z). 

Since we are interested in minimizing the reflections at the output, the 
following boundary conditions at Zout are imposed 



dE 

dz 



= —ikzE . 



dH 

dz 



- -ikzH, 



(3.10) 



This condition should hold for all z > Zout- In the absence of sources, the 
appropriate boundary condition at the input is that of an evanescent wave 
given by 

f = |fc|E, ^ = (3.11) 

Now let us write the E and H fields in the form 



B + zEz , H = Ht~\r zHz . 



f3.12) 



Let us, now, expand the transverse fields Et in terms of orthonormal basis 
functions as follows: 

Et = '^ Vmp{z)emp{r, 2 ;, 6>) + ^ [/^p( 2 ;)e'„p(r, 2 :, 6) , (3.13) 

mp mp 



where 

p27T rR{^) 

I dO I T dvC^p • €,jji'q ~ SpqSfYim' 

Jo Jo 

and similarly for Cmp- 

Let us now introduce the scalar functions (also called membrane func- 
tions) 

Ipmp = CmpJm{kmpr)e'~'^‘^^ , (3.14a) 

= BmpJm{'lmpr)e~^'^^ , (3.14b) 

which satisfy 

(V^ + k^p)'il^rnp — 0? (3.15a) 

i^t+llp)^mp = 0. (3.15b) 

This results in [129] 

^mp — Z X ^'tprnp 5 ^mp — ^ t'^mp • (3.16) 



Requiring = 0 at r = R{z) gives 
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j 



'Imp 



l/mp 

W)’ 



(3.17a) 

(3.17b) 



where Xmp is the root of J^i^) and Vmp is the root of Jm{x) respec- 
tively, and 



C'mp = 






^mp 5 

^mp ~ ^/^yrnpJrnpiyrnp) • 

From —dBjdt = V x F?, we obtain 

—iuBz = — ^ ^ ^mp{^)^rnp'^rnp ? 



-iuBr = — 



mp 

OEq iruEz 



—iuoBe = 



dz r 
dEr dEz 



dz 



dr 



(3.18a) 

(3.18b) 

(3.19a) 

(3.19b) 

(3.19c) 



when m ^ 0, Ez no longer vanishes. Instead one finds that Ez satisfies the 
inhomogeneous Bessel equation 



+ ~ iu)pJz = y^ 7 , 



2 

mp 



7 dUmp R' JJ ld{r'^ipmp) 
dz R 



dr 



(3.20) 



and the boundary condition r = R{z) 
Ez{R) = —tanOujEriR) 

'E 



dR/dz ^-ime ■ 

■ RV^ P 



irriVuipi^z^ 






+ U, 



mp 






(3.21) 



Ump and Vmp satisfy second order equations which are derived from 



-iujeEr — Jr = 



—iueEo — Jq = 



dz 

dHz 

dr 



r 


(3.22a) 


dH^ 


dz 


(3.22b) 



Multiplying (3.22a) by (e^q)^. and (3.22b) by (ej^g)^, adding and inte- 
grating over the transverse surface gives the following expression: 
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2im 
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E 



Xmq -rri^ p L 






mp 



(3.23) 



Similarly, multiplying (3.22a) by (e^g)r and (3.22b) by (e^g)o, adding and 
integrating gives: 



d^U, 



mq 



dz^ 



H- 






'In 



u^g + J2[^T-^ + u„ 



dz 



- 2 ( ^ UmpT^g + (^^) Umq{4. + y\ 

P ^ 
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mq 



dz 



m^)/3 






p^q [Vraq Vmpl 
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{jR + l)(^77j,q Vmp) 



2 _ 2 
Vmq Vmp 



ymqVmp 

— T iuJ fJjJmq • 

The mode coupling coefficients are defined by 

de. 



'^^Vmq ~b Ump) 
Vmq Vmp 
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■^pq 
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27t / re 
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Jo 



mp 



dz 
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mp 



mq 



dz 



dr , 



dr , 



(3.24) 

(3.25a) 

(3.25b) 



and 
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J-mq — 



Jmq — 



J de dr, 


(3.26a) 


j de dr. 


(3.26b) 



Straightforward integration gives 






x: 



mq 






rpm 

^qq — 
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R' 



mq 
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mp '^mqJ 

for TE modes and 



p¥^q 



Vmp 



R {yhq - Vmp) ’ 






R' 



= —— for TM modes . 



(3.27a) 

(3.27b) 

(3.27c) 

(3.27d) 



J. Luginsland [122] obtained the same set of equations for the special 
case m = 0 using a Galerkin method similar to that used by Bernstein et 
al. [121], but a slightly different Ansatz for the basis functions. For small 
taper angles when R' — > 0, the TE and TM modes decouple and the system 
reduces to the Vlasov approximation, in which all the coupling coefficients 
vanish. In this case, the cavity eigenmodes are given by a single function of 
the form (3.12)-(3.16), and the complex eigenfrequencies are determined by 
the boundary conditions (3.10) and (3.21). 

The functions Vmq and Umq must satisfy radiation boundary conditions 
as given above for E and B. For the Vmq this means [72, 123, 124] 



dVmq 

dz 



— '^kzVmq 



at 2 : = Zout (i*e. at the resonator output end). 

When a source is present, the eigenfrequency of a steady-state solution is 
real. But in case of empty open-ended cavity resonators, the eigenfrequencies 
are complex with positive imaginary part to account for damping due to the 
radiation out of the cavity. In that case, the normalization of the field profile 
is arbitrary. When a source is present, the normalization is determined by 
the source term. 

The cold cavity fields can be normalized to the desired output power as 
follows. From Poynting’s theorem, we have 



.R 

Pout =7T r dr Re{E x H*)z 

Jo 



(3.28) 



Since 



z — ■Zout 
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{E X ff*), = ErH; - EoH; , (3.29) 

substituting appropriate field expressions in (3.28) and making use of (3.29), 
gives 



+ E + U*^^T^^Umr,) 

2imR' 



pqm 



■E 

pqm 



R 



^mp 



V^mU:rr, + 2i:R'R\Er{R)Y 






+ 27T ^ ^ Irnp^rnp J '^'4’mpRz^^ 

mp ^ J out 



(3.30) 



and by making use of (3.10) in (3.30), finally we get the following expression 
for Pout as 



Pout - Re 



lz{mp)Wrnp^^ 

mp 

T'^v -I- r/* T^u 
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2imR' 
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- ^mp^mq 






^TT Imp^rnp j '^'^mp^z 

*>'0 



(3.31) 



The formalism given here is valid when R{z) is continuous and differen- 
tiable. If R{z) has discontinuities, then the equations must be solved piecewise 
and the fields and their derivatives have to be matched at the discontinuities 
of R{z). 

For numerical calculations, the boundary condition at Zi^i is used to de- 
termine the starting value of dVjdz for the integration of (3.23)-(3.24). The 
boundary condition at Zout is reformulated in the form 



\R\ 



%+ik.V 



% - 



= minimum 



(3.32) 



one could also specify a non-zero reflection coefficient Pioad such that the 
condition |P — Pioad | = minimum is imposed. 

As an example [123], we present the cold cavity analysis for a 147 GHz 
gyrotron that might operate in the TE 23 mode. The geometry of the cavity 
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Fig. 3.7. Cold cavity field profile (normalized to 10) with full-wave analysis for a 
TE23 mode gyrotron at 147 GHz. Here, the effects of the admixing of TM21 and 
TM22 modes is not visible. / = 147.01 GHz and Q = 3185 [123] 

is: 61 = 1°, 02 = 0°, 03 = 10°, Li = 10mm, L 2 = 16mm, L 3 = 15mm and 
Rq = 3.24mm. The nominal mode is TE 23 and TE 21 , TE 22 , TM 21 and TM 22 
modes can also propagate. The field profile Vmp{z) is computed by solving 
(3.23)-(3.24) and is shown in Fig. 3.7. 

From Fig. 3.7, it is evident that the coupling to the TE 22 mode is only 
noticeable in the output taper, while the coupling to the TE 21 mode is small 
and the admixture of the TM modes is negligible. In fact, the field amplitudes 
of TM modes are smaller than that of the TE 22 mode by a factor of about 
1000. The Q value is 3185. The field profile for the same geometry under 
single mode Vlasov approximation is nearly identical to the corresponding 
field profile shown in Fig. 3.7. The only observable change is a slight decrease 
in the Q value (from 3185 to 3064). When the taper angles are smaller than 
about 10 °, there is practically no difference between the fields calculated 
from more exact equations and those calculated in the Vlasov approximation 
[123, 128]. Hence, when the taper angles are small, it is legitimate to use 
the single mode Vlasov approximation in which only a single TE^p mode is 
retained in the expansion of (3.13) and coupling to the other modes due to 
cavity tapers is neglected. 

Thus, in single mode approximation, (3.23) reduces to 

^rnq — +icoJmq , (3.33) 

where Jmq is given by (3.26). 

The solution of the above simplified equation (3.33) is best carried out 
with the Numerov algorithm [130] when Jmq = 0. Further, the dependence of 
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parabolic smoothing 




the frequency and quality factors on resonator geometry have been studied 
in [128]. The frequency is also sensitive to the manufacturing tolerances of 
the cavity radius. The quality factor increases with increasing cavity length. 
For proper bunching and energy extraction at nearly optimal efficiency, one 
has to design the cavity resonator appropriately. This requires computation 
of the interaction of an electron beam with the electromagnetic fields of the 
cavity modes. This will be described in the next chapter. 

It is convenient to work with a normalized field profile. This will be done 
by defining 

Vmp{z) = Vmaxfmpiz) ■ (3-34) 

Here, fmp{^) is the field profile normalized to a maximum absolute value 1. 
In the cold cavity approximation, Vmax and the output power are related by: 






f 

Zin 



fmp{^) 



dz . 



(3.35) 



3.2.2 Coaxial Cavity Structures 

The cylindrical cavity structure with a coaxial insert is another potential 
interaction structure employed in very high power gyrotrons [13, 131-133]. 
The schematic of a practical coaxial structure with longitudinal slots on the 
inner conductor is shown in Fig. 3.8. 

Important features (and advantages) of the coaxial insertion [134, 135] 



are: 
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1. The coaxial insertion tends to rarefy the mode spectrum (near the desired 
mode), thus reducing the problem of mode competition, and permitting 
stable single mode operation with a larger cavity diameter. 

2. In the case of coaxial cavity structures, the mode eigenvalue (that is, the 
roots of the characteristic dispersion relation of the coaxial structure) 
Xmp is a function of the ratio of the inner to the outer radii of the coaxial 
conductors (= Ro{z) / Ri{z)) . Therefore, if the inner conductor is tapered, 
then Xmp varies as Ro/Ri resulting a selective influence on the start up 
scenario and diffractive quality quality factor for different modes. 

3. The segregation of the competing modes from the operating mode could 
further be addressed with the introduction of longitudinal slots on the 
inner conductor with suitable slot width and depth. In the case that the 
corrugation period is much smaller than A/2, an impedance model can 
be used for describing the influence of the corrugations. 

4. Less voltage depression. 

5. Possibility of special depressed collectors and ultra fast frequency tuning 
by biasing the inner conductor. 

A disadvantage is, of course, the increased technical complexity. The advan- 
tages may justify this, although the jury is still out. 

For weakly tapered, smooth walled cylindrical cavity resonators, the 
eigenvalues of the cylindrical cavity are used to determine the eigenmodes. 
In the case of coaxial cavity structures, first the characteristic equation has 
to be deduced from the geometry of the interaction structure through held 
analysis. The roots of this characteristic equation give the mode eigenvalues 
(Xmp’s). This mode eigenvalue is used in the one dimensional wave equation 
for the cold cavity analysis ais discussed in previous section and the interaction 
models are essentially identical. 

The characteristic equation of the coaxial cavity structure can be obtained 
from standard held analytical procedures in which the held expressions are 
written in different regions of the problem domain and regular boundary con- 
ditions for E and H flelds are taken and the field expressions are substituted 
in the boundary conditions. This gives a set of transcendental equations up on 
solving which gives the characteristic dispersion relation. The characteristic 
equation for a simple coaxial structure is given as [131, 133]: 

J'm{x)N'm (§) = K(x)JL (§) , (3.36) 

where C = Ro/Ri, and and N!^ are the derivatives of the Bessel and 
Neumann functions respectively of order m. 

In case of a coaxial cavity with slotted inner conductor, the characteristic 
equation is [134, 135] 




+ (^)j 



(3.37) 
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where ou = {I /s) tan{xmpd/Ro)- The slot dimensions /, 5, and d are described 
in Fig. 3.8. 

By making use of (3.36) or (3.37) depending on the geometry of the struc- 
ture, (3.33) and (3.35) are solved considering the radiation boundary condi- 
tions (3.32) for the analysis of coaxial cavity resonators. The behavior of the 
solutions of the characteristic equation are discussed in the dissertation of S. 
Kern [136] and in [134, 135]. 

3.2.3 Complex Cavities 

Complex cavities [72, 128] are another, no longer popular, type of interaction 
structures for gyrotrons. They were proposed in 1979 [137] and first practical 
studies were reported in 1981 [138, 139]. The geometry of the complex cavity 
structure is shown in Fig. 3.9 It consists of two resonators I and II and a 
transition region III. 

The basic idea behind a complex cavity structure is that a pair of modes 
having same azimuthal index and different radial indices can be coupled to 
produce a mode with high Q. The resonators I and II are coupled due to mode 
conversion in the transition region III. The two resonator sections I and II 
are designed such that the local waveguide modes of the desired pair have the 
same frequency and are simultaneously near cut-off in the two sections. These 
two sections are detuned for other mode pairs. It is designed in such a way 
that the eigenfrequency of a lower order mode in the first resonator section 
matches that of a higher order mode in the second resonator section. It can 
be viewed in another way that the first section serves to prebunch the beam 
which in turn will preferentially excite the mode with the same frequency 
in the second section. Thus, the first cavity provides mode control and the 
second cavity provides the working space needed for power generation. In 
this scheme, the beam should be placed on the same radial peak of the field 
in both the resonator sections. The use of a higher order mode in the second 
cavity reduces wall losses, and mode control by the first cavity reduces mode 
competition in highly overmoded gyrotrons. The complex cavity concept was 




Fig. 3.9. Geometry of a complex cavity resonator 
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further demonstrated experimentally [138] in a TE01/TE04 configuration, 
and has been incorporated in TE01/TE02 devices at 60 and 70 GHz and in 
a 140 GHz TE02/TE03 device developed at Varian. Operation of step cavity 
devices at higher harmonics has also been demonstrated by Zapevalov et 
al. and by Malygin [128]. On the other hand, Thomson CSF experienced 
difficulties with a TE02/TE04 complex cavity at 100 GHz [140] and decided 
to work instead with volume modes in simple cavities. Theoretical treatments 
of complex cavities have been given by Dumbrajs and Borie [141], Flifiet [142], 
Pavelyev et al. [143], and Nielson et al. [144]. 

In the analysis of complex cavities [128], one must consider the field 
matching at the cavity step (at z = 0). The field is expanded in terms of 
the eigenfields of the normal modes of the two connecting waveguides: 



In Region I 

Et = ^ 5 (3.38a) 

Ht — ^ ~ ^rp) ! ^rnp^mp with (3.38b) 

Kip = ^^ Cp and (3.38c) 

Zmp = ^(w^/c2) - {x^p/a?) for TE modes , (3.38d) 

= for TM modes. (3.38e) 

Similarly, in Region II 

Et = y^ (^zp + Wp)^mp 5 (3.39a) 

Ht — ^ ^ (^ip “ ^rp) IZ^ph^p with (3.39b) 

^mp ^ X e^p and (3.39c) 

ztip = Mow/ -{xl^np!^) for TE modes , (3.39d) 

= — {y^plP)leouj for TM modes . (3.39e) 



The subscripts i and r refer to incoming and reflected waves respectively (or 
waves propagating forward and backward). The basis functions (including 
normalization) are the same as in Sect. 3.2.1. Matching the fields at z = 0 
gives 

+ 0>rp)^rnp ~ 4" ^rp)^rnp 5 (3.40) 

“ ^rp) / ^rnp^mp ~ ~ ^rp) / . (^- 41 ) 

Taking the scalar product of (3.40) with and of (3.41) with h^p and 
integrating over surface gives 

Clip + Clrp — E(‘ is + brs)Cps , (3.42a) 

Clip ~ Clrp — ^^{bis ~ brs)^mpf^mp^ps • (3.42b) 
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Here, Cps = f e^pC^gdA are coupling coefficients. They have been given 
explicitly (for the normalization given here) by Nielson et al. [144] for general 
m and by Dumbrajs and Borie [141] for m = 0. 



For TE(I) — > TE(II): 

ms a/b) 1 

2 Jmixms) - m2) 

X [1 {p^ms^i ^mp^^ ] (3.43a) 



For TE(I) 



Cps — 



TM(II): 
2i 71 Jmipjr) 



sd/b) 



Urns Jm-\-lidl ms) 



0 



mp 






For TM(I) 



a 



ps 




TE(II): 

0 



For TM(I) TM(II): 

^ 2 Jmipjmsd/b) 1 

Vms dm-\-l{y ms ) [1 {]Jmpb / ymsd)‘^\ 



(3.43b) 

(3.43c) 

(3.43d) 



Although these complex cavity structures were once thought to be advan- 
tageous, successful use of them depends on several factors, including mode 
density, fabrication tolerances and mode conversion at the cavity step. At 
sufficiently high mode densities, more than one mode can become simulta- 
neously resonant. Conversion to unwanted modes at the step can degrade 
the mode purity of the device. Step cavity devices are much more sensitive 
to machining tolerances than conventional gyromonotrons because of the bi- 
modal resonance conditions. These factors limited the use of such complex 
structures at high frequencies in most practical situations. 



3.3 Remarks 

A gyrotron is a mildly relativistic device in which the helical electron beam 
interacts with the fields in the interaction region and energy transfer occurs. 
Though there are several schemes to explain the electron bunching and energy 
extraction, we tried to explain this non-trivial phenomenon in simple terms 
with appropriate phase bunching plots. As far as the interaction structures 
are concerned, one prefers either weakly tapered conventional hollow cylin- 
drical cavity resonators or coaxial cavity resonators, both open ended. The 
conventional type of resonator is mostly preferred in moderate to low power 
gyrotrons whereas coaxial structures are very promising at very high powers 
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(> IMW, CW) at elevated frequencies (> 140 GHz). Owing to step induced 
effects and machining tolerance limitations, complex cavity resonators do not 
seem to have much practical utility. 

In the numerical evaluation of the cavity analysis, the minimization of 
|iip as a function of frequency uj and Q (in cold cavity approximation) can 
be done with a number of methods. One of these makes use of the CERN 
routine MINUIT [145]. For other equivalent methods, see [146]. To solve 
the coupled equations (3.23)-(3.24), standard Runga-Kutta algorithms [146] 
work well. To ensure the oscillatory behavior of the RF field in the region 
of the output to be reproduced accurately, a stepwidth of Az ^ A/20 is 
sufficient. Whatever numerical method is used to integrate the equations, 
accuracy will be poor if Az > A/ 10. Furthermore, it is usually adequate to 
use the Vlasov approximation, if the tapering angles are small enough (< 6°), 
in which case the coupling to other modes is negligible, thereby reducing the 
problem to the solution of a one dimensional wave equation with appropriate 
radiation boundary conditions at the resonator input and output. In this case, 
the Numerov algorithm [130] or the leapfrog method [147] work very well with 
significantly less computational effort than the Runga-Kutta algorithms. 




4 Calculation of RF Behaviour 



To calculate the efficiency and output power, one must solve the equation 
of motion for a single electron traversing the resonator in the given elec- 
tric and magnetic fields numerically and compute the energy loss or gain. 
The efficiency is then computed by averaging over an ensemble of electrons 
uniformly distributed in their initial gyration phase angle. The numerical so- 
lution of the equation of motion is facilitated by taking into account the fact 
that the electrons gyrate rapidly around the guiding center. This leads either 
to the slow variables transformation [148, 149] or, with the further approx- 
imation of neglecting the RF magnetic fields and guiding center drift, and 
taking advantage of the fact that maximum energy transfer occurs when the 
electron gyration is approximately synchronous with a rotating field compo- 
nent, to an approximate, one dimensional equation known as the adiabatic 
approximation [7, 150, 151]. The accuracy of the adiabatic approximation 
has been checked for several cases [152] by integrating the equation of mo- 
tion for the so-called slow variables introduced by Rapoport et al. [148] and 
used by Ganguly and Ahn [149]. In most cases the efficiency calculated with 
the two approaches is the same within one or two per cent. This adiabatic 
approximation has been used for extensive parameter studies at FZK [153], 
and elsewhere [150]. It is also used in the extensive Russian literature, with 
a few additional [10, 50, 132, 139, 154, 155] approximations. 

In this chapter, the adiabatic approximation to equation of electron mo- 
tion is derived and this equation of motion is solved in the fixed field ap- 
proximation to compute the efficiency. Later, in self-consistent calculations, 
the equations of motion for the electrons are solved simultaneously with the 
field equations, taking into account the effect of the beam on the cavity field 
profile and quality factor, as well as frequency pulling. 



4.1 Equation of Motion 

Figure 4.1 illustrates the gyrotron oscillator model considered. An annu- 
lar electron beam is injected into an open ended cavity from the left hand 
side and propagates to the right, guided by a constant (in time) magnetic 
field Bq. 
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Fig. 4.1. Beam geometry in a gyrotron resonator 



The electrons, moving along helical trajectories, have a substantial part 
of their kinetic energy in the form of transverse motion. Inside the cavity, 
the electron beam loses a portion of its energy through interaction with the 
electromagnetic fields. It is assumed that the beam is sufficiently tenuous that 
its space charge field can be neglected and that it will not modify the normal 
mode electromagnetic field structure of the resonator. This is a reasonable 
approximation for beam powers below a few hundred kilowatts. The cyclotron 
interaction takes place between the electron beam and TE modes. If the 
average power lost by the beam is equal to the wave power diffracted out of 
the cavity, a steady state is established. One wishes to optimize the beam 
energy loss in this steady state. The electron beam shown in Fig. 4.1 is typical 
of those generated from a magnetron injection gun. The beam parameters are 
obtained from gun simulations (see Chap. 6). Among the most important of 
these are 



EjmeC? = 7o = 1 + Ub/5ll kV 

where eUb is the beam kinetic energy and the guiding center radius Re- One 
wishes to choose Re such that the beam-field coupling is maximum. In other 
words, the guiding center radius should coincide with a radial maximum of 
the RF field. For a TEmpq mode this means that 

^m±s{^rnpRe/ Ro) 

should be maximized (s is the harmonic number, assumed equal to 1 in the 
following, Xmp is the root of J^(x) — 0 and Rq is the cavity radius). The 
reason for this will become apparent in the subsequent discussion. 
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For the purpose of gyrotron modelling, we assume that the electrons are 
initially monoenergetic with guiding centers all at r = Re and uniformly 
distributed in phase (see Fig. 4.1). 

The equation of motion for an arbitrary charged particle in given electric 
and magnetic fields is 



e{E-\-vxB), (4.1a) 

eE^v, (4.1b) 

where p = ^rrieV = rriecu, e = ymgC^, and 7 = 1/^1 — = \/l -f v? 

is the usual relativistic factor. It is convenient to define the dimensionless 
variable 



dp 

dt 

de 

dt 



u — ^vjc~ 7/3 — pfrUeC. 

Then the equation of motion becomes 

(4.2a) 
(4.2b) 

In the absence of an RF field, but in the presence of a nearly uniform 
magnetic field Bq in the axial direction, the electrons gyrate about the guiding 
center at the cyclotron frequency 

(jL>c = eBolrUe^ = i?o/7 • 



d'y 

dt 

du 

dt 



e 

rrieC 

e 



E - 

7 



^ B 

E -\-u X — 
rrieC \ 7 



The gyration radius is given by 



tl 



cut 



where Ut is the component of u perpendicular to the external magnetic field. 
Now, let us introduce slow-time variables [148, 149]: If 



[ i:^dt^(t)-(t)o 
Jto 7 






we make the Ansatz 
and thus 



Ux + iuy — iutc 






(4.3) 

(4.4) 
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Fig. 4.2. Projection of electron orbit in the transverse plane, showing various 
orbital parameters [128] 



X = Xo vl cos^, 

y = Yo-\-rL sin^, 



dx 

dt 



cut 

7 



sin 



dy , cut 
dt 7 
dz cuz 

dt 7 



(4.5a) 

(4.5b) 

(4.5c) 

(4.5d) 

(4.5e) 



Here Xq = Re cos 6e and Yq = Re sin 6e define the position of the electron’s 
guiding center (see Fig. 4.2). In the absence of an RF field, this provides an 
exact solution of the equations of motion, with the electrons gyrating around 
the fixed guiding center (Xq^Yq) for uniform magnetic fields. From (4.5) we 
readily derive 



iT2o • f2n • \ 

— Xq + ut cos ^ ^ I sin ^ 

c V 7 / 

i?o • 

— Yb + sin ^ — Ut ( ^ \ cos ^ = 0. 



(4.6a) 

(4.6b) 



Now, let us define 



a = {Erf + V X Brf). 

rrieC 



The equation of motion becomes 



du e , „ . 

-jr =a {v X Bo). 

dt rrieC 



(4.7) 



After working out the components of (4.7), taking appropriate linear com- 
bination for the transverse variables and transforming to cylindrical polar 
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coordinates, we obtain the following system of slow variable equations (here 
ff = e/mec): 



dut 

dt 



d6 



= ar sin(0 — ^)+a$ cos{6 — <f') 

+ [tL + Re COs{^ - 6e)] , 



ut— = ao sin{9 — — ar cos{6 — W) 

fjcuz _ . _ . , dBo 

27 ^ ^ dz ' 

dz cUz 

di^ 

duz fjcut e , „ , . ^ . . dBo 

dz 



dt 
c dt 



27 



-aecos{0 — 9e) — arSin{9 — 9e) — 

Zij QjZ 



= —d(f) sin(0 — 9e) H- ar COs{9 — 9e). 



(4.8a) 



(4.8b) 



(4.8c) 

(4.8d) 

(4.8e) 

(4.8f) 



The calculations performed with these slow-time variables (4.8) yield 
nearly identical results when compared with the ordinary variables. But the 
basic limitation and the approximation inherent in slow-time variables is that 
the system is not defined when Ut — > 0 89 jdt — > 00 and ri — > 0. This 

can happen when the entire transverse energy of the electrons is transferred 
to the RF field, the electrons stop gyrating (the angle 0 becomes undefined), 
and merely move in the ^-direction. It is obvious that in this situation the 
slow-time variables (4.8) are not valid when the RF fields are very strong. 
In practice this means that in solving (4.8) numerical instabilities may occur 
when Ut becomes small. One necessary condition for the system of (4.8) to 
be well defined is: 

eAo/mc^7o<l, (4.9) 

where Aq is the amplitude of the RF field (for an estimate, we take it to be 
the maximum of \V{z)\). Numerically me? je ~ 511 kV. 

For powers below a few hundred kilowatts, |I^( 2 :)| < 90 kV, and (4.9) is 
satisfied, so that the slow-time variable system of equations (4.8) can be safely 
used. However, for modelling higher power gyrotrons (Pout > 1.5 MW), it 
might be necessary to use the complete unapproximated system of equations 
(4.2) (written out in components). 

The integration of this system is straightforward and presents no numeri- 
cal problems when ut — 0. However, in order to achieve the same accuracy 
as in case of slow- variable system (4.8), the time step must be ~ 20 times 
smaller, and the computational time will increase by the same factor. There- 
fore, the system described in (4.2) is not useful for parameter studies or for 
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an extension to a self consistent formulation. It is only useful to verify the 
results using slow-time variables or the adiabatic equation of motion in case 
of distrust in results. Further approximations result in the so-called adiabatic 
equation of motion which is used in many computations and modelling since 
they are well tested against the other methods and have proven to be ade- 
quate for most purposes. These additional approximations involve neglecting 
the RF magnetic fields, which are very small for TE modes near cutoff, and 
neglecting also the transverse motion of the guiding center, which is small for 
nearly uniform magnetic fields. Since the interaction is strongest under the 
condition of synchronous operation, the equation of motion reduces to a one 
dimensional one. 

Following Flifiet et al. [150], the equation of motion for the transverse 
motion of the electrons in complex phasor form can be written as 




dt 



Ut = (ar + iae) + + vj) 

~ -f, {Er + iEe) 



Now, let us recall from the previous chapter, the expressions for the de- 
coupled transverse fields Et and the normalized orthonormal basis functions 
from (3.13) and (3.34): 






with 

— l^ax/mp('^)* 

Substituting these expressions into (4.10) gives 

ifjcuz dBo 



,dut ( d^ i?o 

^ dt \dt 7 






duz 

dt 



27 dz 

2 ^ / j ^mpi^mp^ 

mp 

(4-Ha) 

i'f'L + Re COs{^ - 6>e)) . (4.11b) 

z 7 az 



Now, let us introduce a slowly varying part of the gyrophase A defined by 



A = UJat-^ 

where ooa is an averaging frequency, approximately equal to the cyclotron 
frequency; it was first introduced by Nusinovich [156, 157] in connection with 
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mode competition. Neglecting all contributions except those corresponding 
to stationary phases oornp — sua and by applying Graf’s addition theorem 
[158], (4.11) reduces to 



dut . f dA 



7 



ut 



duz 

dt 



f fjcUzVL 

V 27 



dBp 

dz 



^ Crnpkmp^mayifrnpi^^Js — li^rnp'f^L) 



mp 



^ ^i{o^mp-su)a)t-\-is{A-^ee) 1 ( U R \^-im6e 

AC Uui—s\rvmp-^^e 5 

(4.12a) 



/ fjcut \ dBp 
dz 



(4.12b) 



In the fixed guiding center approximation, the initial azimuth 9g (see Fig. 4.2) 
is approximately constant. For counter-rotating modes, Jm-s iJ^mpBe) 
X exp(-im^e) should be replaced by (-1)^ Jrn+s(fcmp^e) exp(— im^e)- To 
compute the efficiency, one must average over both 6e and initial gyrophase Aq. 
For small values of the Larmor radius, one may take 



Js — l {}^mp^ l) 



2f2o ) (s-1)’ 



(4.13) 



Assuming that kmpclf^o ^ 1, this approximation (4.13) is valid if (ut/2)^ < 0.1 
or 7 /?_l < 0.6. For /3±q ~ 0.4, this means 70 < 1.5 or Ub < 250 kV. Thus, this 
approximation is not valid for high voltage gyrotrons (where beam energies 
exceed 250 keV) or CARMs. Assuming that the approximation (4.13) is valid, 
and defining P = we have 



dP . f f?o 



P = 



ifjcuz dBo P iff 

27 dz i?o 2 



^ ^ Crnp^rnp^ma,xfmp{^) 



mp 



1 



(5-1) 



Jm—siJ^mpBe^C 



imOe 



' rh P* 

X [exp {uJmp - SUJa) t] ( — 

ZJ/n 



5-1 



(4.14) 



with 7 = y/l + + |Pp. We now change the independent variable from t to 



-f 



CUz 



z — I — -dt . 

/to 7 

For a single mode calculation, it suffices to average over the initial phase 

Ao+{l-^)0. 
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and take Ua = The average over Oe then becomes trivial and one may 

ignore the explicit dependence on it. The result is 

dz cUz \ u) J 



duz _ ( ficutrL \ dBp 

dz \UzJdz 

For counter-rotating modes the factor Jm-s{kmpRe) is replaced by 
{—iyjm-\-s{kmpRe)- In the following treatment, this factor will usually be 
denoted by Gmp- 

The terms explicitly involving the magnetic field tapering are frequently 
neglected in the literature. In fact, it has already been shown in several cases 
of interest that their contribution to the efficiency is small for very high 
frequency gyrotrons [159] and that the dominant contribution to the effect of 
magnetic field tapering is in the fact that the detuning depends on z. When 
these terms are neglected, the adiabatic equation of motion becomes a single 
complex differential equation of the form: 






iry dBo P 
2 dz 



+^lJLr k V f ImpM. 



"rk P* 

X / (k R ) I 



s — 1 



, (4.15a) 
(4.15b) 



dP / iu 
dz \cpzO 



2 _ 

70 



Uz — constant , 

Ik.'] p-^l^r r h V 

ojjo/ 2 



(4.16a) 



fmp(z) ] f ckrnpP* Y~^ 

(s - 1)! H 2/2o J 



(4.16b) 



The effect of space charge on the beam field interaction has been neglected in 
the entire derivation. For most cases of interest, this is justified. Modifications 
to include the space charge effects has been given in the literature [128, 154, 
160, 161]. The electromagnetic radiation in a gyrotron is generated by the 
azimuthal bunching of electrons in their gyro-orbits. This bunching is also a 
source of electrostatic fields, which then could affect the electron motion. 

The effects of space charge can be included by considering the electrostatic 
potential produced in the distributed beam model [161] 
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f- 



2q^ 



\47T6om, 

\4eome 









f (u^ + u'f.^ — 2u[ut cos{(p — (f')^ 






(4.17) 



Here / is the distribution function of guiding centers. The electrostatic field 
which contributes to the equation of motion is the gradient of (j). After con- 
siderable manipulation, one finds, with tiq = f fd^u' and assuming that 
^ = Q/n^ - 1, 



- - 



d {q(t)lme) 



dx 

=(—) 

\4eomeJ 

^ 

V2eomef?o 



Q cos ^ 



d Q d {q(j)lme) 



dut Ut dip 

cos^ ^ UtriQ — J d^u' fu[ cos{if — 



— sinlZ^ J d?u’ fu[ sin{(p — ip') 

J d^u'fu[ sin 



26Q?77/g if^Q 






similarly 






y ^ sc 



\2eomeOo J 






— J d^u' fu[ sinlZ^' 



(4.18a) 



(4.18b) 



where {ax) sc and {ay) sc are the components of the acceleration a appearing 
in the equation of motion (4.7) with a subscript to denote the space charge 
contribution. 

Hence the space charge contributions to the right hand side of the expres- 
sion for the adiabatic equation of motion (4.16) are 



iu)l 

2i?o 




J d^u' fu^ {cos(l^^ — ^') — i sin(lZ^ — ^')} , 



(4.19) 



where ujp is the plasma frequency. For an annular beam of thickness it is 
given by: 



/ e^no \ ^ 27 t/o Qqc 
\ Come / 8500A A.'KRefdA.f^z 



(4.20) 



By ignoring the dependence on 6^ as is appropriate for a single mode cal- 
culation, the additional contributions to the right hand side of (4.16) then 
becomes 
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2f?o 



P — [ d?u' fu[ exp(z(lZ^' — ujt)) 
no J 



2 i?o 



(4.21) 



We now replace (1/no) / (Pu'fP' by (1/A^) ~ (^)? where the average is 

over initial gyrophases, as before. The equation of motion then becomes 



dz 









i?o 

c/3zo) Vto ^^70 

^ f'l. -l-\ 



2 Uzo J 



Cmp G mp kmpfmp 



^ 

2i?o 



7 

CUzO 



[{P)-P]- 



(4.22) 



This form is computationally much easier to work with than the formulas 
given by Bratman and Petelin [154], although the latter use a more real- 
istic model for the beam. A similar term was found by Latham [162] for 
gyroklystron amplifiers. For that case, space charge results in some efficiency 
enhancement at very high power levels and a moderate reduction in efficiency 
at lower power levels when (jO^IQq is larger than 0.005. This is equivalent 
to the criterion given by Bratman et al [155], namely (4/7r/?^)ct;p/i7o ^ 1- 
Now 



0^1 27t/o C 

7^ "" 8500 A A7rRef3±pz^o 



- 9.4 X 10"^A“^ 



IqX 

Refi±Pz ' 
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The results of some earlier experiments at FZK with a TEio,4 gyrotron 
with A = 2.14 mm. Re = 3.64 mm, and PzP± ~ 0.1 — 0.15 indicated that the 
effect of space charge on the interaction is negligible for currents less than 
several hundred amperes. This is also true for the TEqs gyrotron experiments 
[153]. For a more powerful gyrotron, the current Iq increases, but a more 
highly overmoded gyrotron with a smaller value of A/i?e is used, and the effect 
of space charge on the beam-wave interaction in the resonator is probably 
not larger. A more important effect of space charge for gyrotron operation is 
the degradation of the beam quality due to voltage depression which will be 
discussed in detail in a subsequent chapter. 



Interaction Efficiency 

The electronic or interaction efficiency r] can be calculated fr om the electro n 
energy loss as follows. It has been observed that since 7 = y/l + |Pp, 
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^ ^ / 1 \ d(7) 

dz \ 1 — 7o / dz ^ 
^ _ 1 d\Pf 
dz 2 dz 

Thus, the electronic efficiency is given by 

„ _ flo- ilfiZout))\ 

70-1 )■ 



(4.24) 



The average (• • • ) is to be taken over initial gyrophase Aq (as mentioned 
before, in single mode approximation, averaging over 9e is trivial). The elec- 
tronic efficiency is also given by an integral over the beam-field interaction: 
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(4.25) 

Numerical checks show that the efficiency calculated with (4.24) and 
(4.25) is the same to within a fraction of a per cent, for the same param- 
eters. As an example, the equation of motion is solved for a typical set of 
parameters [163] and the beam current and efficiency as a function of power 
for an experimental gyrotron of FZK is shown in Fig. 4.3. 




Fig. 4.3. Beam current (dashed curve) and efficiency (solid curve) as a function 
of output power for the TE 22,6 mode 140 GHz gyrotron {Rq = 15.57 mm, Rb = 
7.93mm, Ub = 75kV, a = 1.5, 6>i/6>2/6>3 - 5/0/3°, L1/L2/L3 = 14/16/12mm, 
/ = 140 GHz and Q = 1040) [163] 
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Curves such as those shown in Fig. 4.3 are useful for obtaining a first 
estimate of the dynamical behaviour of the gyrotron. To study the dynamics 
of the gyrotron, we start with the energy balance equation 

dW 

-df = - -Q- ■ 

In the cold cavity approximation for the fields, the efficiency is a function 
of the field amplitude or, equivalently, of the output power P. As a first 
approximation to startup, we assume U to be constant and I to start abruptly 
at t = 0 as I (t) = 

If the transit time ttr of the electrons is smaller than the rise time tres of 
the RF field in the cavity, the electrons will feel an approximately constant 
field. We can then rewrite the above equation using P = ujW jQ in the form 

^^=rj{P)Uh-P. 



From this equation, it is obvious that if rj{P) is known, the dynamics of the 
system can easily be calculated. For a steady state, P = rj{P)UIb. The func- 
tion rj{P) can be calculated by integrating the equation of motion numerically 
for various Pout- The steady state is stable if dl^/dP > 0 and unstable if 
dh/dP < 0. 

A gyrotron will not oscillate if the current is below a threshold value I start , 
which depends on the beam properties, magnetic field, resonator geometry, 
etc. Stable operation is possible only for I > I start and dPout/dh > 0. Oth- 
erwise, oscillation will not start at the operating point under consideration. 
The starting current Istart is the minimum current for which dPoutIdt > 0 
in the limit Pout — ^ 0- 



I - U ^ 

start — ^ 7 7-j 

di^ 



p=o> 



If the slope of 77 (P) at P = 0 is negative, oscillation will not start for the 
operating point under consideration. 

As an example, we have shown in Fig. 4.3, the beam current and efficiency 
versus output power. The numerical example is for a 140 GHz gyrotron con- 
sidered for FZK experiment [163]. The resonator is for a TE22,6 mode with ge- 
ometry, frequency, quality factor, cold-cavity and self-consistent field profiles 
as shown in Fig. 4.4. The operating parameters are selected for an efficiency 
around 40% at 1 MW. 

For the case under consideration, the starting current is slightly higher 
than the current corresponding to output powers between 50 kW and 200 kW, 
for which I(P) is less than the starting current. Stable operation would not 
be possible in this range. Oscillation can start at currents slightly above the 
starting current, but the system will soon jump to a stable steady state (hav- 
ing output power of about 500 kW in this example) . The region of parameter 
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space in which the starting current exceeds the minimum current is called the 
region of hard excitation^ in the region of soft excitation^ the starting current 
is slightly below the current for the parameters considered. In some cases, 
the parameters corresponding to optimum efficiency lie in the hard excita- 
tion region, making access difficult. However, in the soft excitation region, 
where the starting current is smaller than the current at optimum efficiency 
in parameter space, the high-efhciency region is more easily accessed if the 
magnetic field is increased slightly. If this can be done without an overly large 
decrease in efficiency, it is probably desirable to do so [128]. The starting cur- 
rent can be calculated in linearized theory and a detailed derivation is given 
in the next chapter. 



4.2 Self-Consistent Calculations 

Up to now this formalism has not included the effect of the current term on 
the right hand side of (3.33), which describes the influence of the beam on 
the cavity held profile, including the resonant frequency (frequency pulling) 
and quality factor. These effects are not negligible. Calculations of the output 
power and efficiency for a given set of beam parameters performed using the 
solution of the homogeneous version of the Vlasov equation (3.33) for the 
held profile are known as calculations using the fixed held approximation. 
This is a useful first approximation, but must be extended to include the 
effect of the beam on the cavity held. This requires a model for the current 
term. 

Thus one must solve the equation of motion and wave equations simul- 
taneously to reach a self-consistent solution in a dynamic system which 
takes into account the effects of the beam on the cavity held profile. A self- 
consistent model for the gyrotron, very similar to that presented in this sec- 
tion [128], was first given by Bratman in 1973 [164]. The model derived here 
is basically that due to Fliflet et al. [150], although the algorithms used for 
the numerical solution of the equations are probably different. Similar and 
equivalent models have been reported by many other authors, for example by 
Charbit et al. [165]. Here, the equations are given for arbitrary harmonics. It 
is assumed that the RF electric held is described to sufficient accuracy by a 
single TE^p mode, with held profile described to sufficient accuracy by the 
Vlasov [166] equation (3.33). The equation of motion is then as given above 
in (4.16). It has to be noted that this assumption neglects the distortion of 
the transverse structure of the RF field by the beam. It remains to determine 
the current term The current density due to electrons in an annular 
beam is assumed to be given by 

6 ivi — Re — 



(4.26) 
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where qi is the charge of the electron and Vi is its velocity. The total 
current is given by 

-lo = j JzdA . (4.27) 

Inserting (4.26) into (3.26) gives 

= (^^ -Re-TL dA . (4.28) 

e J . 

Following Fliflet et al. [150], we have 

^ j 6 [n- Re -rL dA 

= . (4.29) 

Using Graf’s theorem, and assuming the gyration radius to be small gives 
for the co-rotating components (corresponding to the lower sign) 
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Introducing P = iutC and selecting a single harmonic s gives 
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(4.31) 



where A = Uat — f2r — (j) and uja are defined in Sect. 4.1. Here, Zq = jj^qc 
377 Ohm is the free space impedance and for counter-rotating components, 
the factor Jm-s{kmqRe) exp(zm0e) should be replaced by {-ly Jm-\-sikmqRe) 
exp(— im^e), as in the previous section. 

Here U is the time at which the electron passes 2 : = J{^oyzo/l)dt. 
We wish to use the trajectories of a representative group of electrons as they 
move through the resonator. Since the behaviour of the system is periodic, 
for any electron passing through a plane 2 : == 2:0 outside any cycle of interest. 
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there is another one within some cycle an integral number of cycles sooner or 
later which will contribute the same amount to the sum in (4.31). Hence the 
summation can be taken over all the electrons passing an initial plane within 
one cycle. In addition, the sum must extend over the initial electron azimuth 
Oe- For a single mode calculation, it suffices to average over the initial phase 
[ylo + {m/s - l)0e\. This gives 
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For completeness, we recall and rewrite the equation of motion (4.16) as 
follows: 



dz \c/3zoJ V7o W 7 o/ 

iV If ^ I Vmp(z) / ckmpP \ 
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Recall that 



Gmp — Jm-s{kmpRe) co-rotating modes, 

= {—iyjm-\-s{kmqRe) for counter-rotating modes. 



For numerical calculations, the boundary condition at Zin is used to de- 
termine the starting value of dV/dz for the integration of (4.32) and the 
boundary condition at Zout is reformulated in the form (3.32) given in the 
previous chapter as 



|pi 









= minimum . 



When a source term is present, the eigenfrequency of a steady state solution 
is real, in contrast to the cold cavity case, for which the eigenfrequency has 
a positive imaginary part to account for the damping due to radiation out 
of the cavity. The normalization of the field profile is now determined by 
the source term and this is reflected in the fact that the coupled equations 
plus boundary conditions cannot be satisfied for arbitrary initial values of 
V{zin)- For this reason, the most efficient method of solution is to solve the 
coupled equations (4.16) and (4.32) simultaneously, and vary the values of 
uo and \V{zin)\ until \R\ is minimized. Note that the derivative of V at the 
input is given by the initial condition 



4^ i^in) — ^mp^{^in)') whcrC t^mp ^ ^ ^2 
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Some authors specify V'{zin)- When V{zin) is then specified by the initial 
condition, this is completely equivalent. If, as is almost always the case, 
\y{zin)\ i4iax, there is no numerical difference compared with setting 
\v{zin\ ^ 0 . 

For the numerical solution of the coupled equations (4.16) and (4.32), 
it is very advantageous to use the Heun predictor-corrector method [146] 
for the equation of motion (4.16) and the so-called leapfrog algorithm [147] 
to integrate the equation (4.32) for the field profile. This algorithm has the 
distinct advantage that it was not necessary to know the value of {iP) at 
the point z + h {h is the integration step) in order to determine the field 
profile at z-h/i, that is, the derivatives dV jdz are evaluated at points midway 
between the points at which P and / are evaluated, with the result that only 
preceding values of (P) are used in the computation of the subsequent value 
of dVjdz and the integration of the coupled equations is consistent to the 
second order. Since one may wish to average over 30 initial gyrophases, the 
advantage of only having the evaluate (P) once at each step of the integration 
is obvious. When used in a cold cavity calculation, the leapfrog method gave 
results nearly identical to those obtained using Numerov method [123]. Most 
of the numerical calculations used an average over 30 electrons. This choice is 
a compromise between required accuracy and computer time. If significantly 
more than 30 electrons are used, the computer time can become prohibitive. 
The resonant frequency was nearly independent of the number of electrons 
(for 18-36 electrons, the frequency varied by at most 2 MHz), while the 
efficiency and output power fluctuated by about ±5%. A usable solution 
is usually obtained if the reflection coefficient |P| is less than 0.001, even 
though the field profile may still contain some evidence of standing waves in 
the output taper. 

The output power is determined by (3.31): 

If the solution is really self consistent, this will also be equal to 

Pout ~ VelUo^O- 

This can be used to check the quality of the solution. The quality factor can 
then be found from (3.35): 

QP^^,=U>W={^) r^]fmp{z)f dz. 

^in 

In general, the quality factor determined in a self-consistent calculation is 
somewhat larger than the cold cavity Q. This effect is partially numerical. 
At the cavity output, the function V{z) has the form 

V{z) ~ with {zout) ■ 
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If uo is complex, then kz is also. The sign of the imaginary part of kz is the 
same as that of u. Thus, there is a small exponential increase in the function 
Vcc ~ exp (o;z/2Qc) for the cold cavity field profile which is absent in the 
self-consistent field profile, for which uj is real. At sufficiently large values of 
current, another effect also called overhunching [164] tends to increase the 
quality factor. The electronic efficiency reaches a maximum somewhere before 
the end of the resonator, and the field strength becomes so large that the elec- 
trons gain energy from the RF field. The efficiency drops again, resulting in 
more energy stored in the field and less output power for a given current. This 
is one reason why maximum output power is achieved for other parameters 
than maximum efficiency. If overbunching becomes too severe, the maximum 
local wall losses will be too large. Obviously the gyrotron should be operated 
at parameters for which excess wall loading does not occur. An illustration of 
the self-consistent calculations for a practical FZK gyrotron operating in the 
TE 22,6 mode at 140 GHz [163] is shown in Figs. 4.4-4. 5. Figure 4.4 shows the 
normalized field profiles for the resonator designed to operate in the TE 22,6 
mode. Here, for the dashed curve, the beam current is 35 A and for the dot- 
ted curve, it is 60 A. It is clear from this figure that a sufficient increase in 
current will cause overbunching as described above, resulting in a decrease 
of power and efficiency. Here, the cold cavity field profile (solid curve) is also 
shown for comparison. The variation of power (and efficiency) with magnetic 
field as computed self-consistently for a typical set of operating parameters 
is shown in Fig. 4.5. 

It is usually useful to use the cold cavity fixed field approximation to 
determine approximate starting values, although it turns out to be necessary 
to modify these at times to obtain reasonable convergence. A calculation thus 
requires the evaluation of the cold cavity eigenfrequency, quality factor and 
field profile, followed by calculations of the electron equation of motion and 
efficiency for various normalizations of this field profile. From these results, 
one selects parameter sets of interest for the full self-consistent calculation 
and uses the results of the cold cavity calculation as starting values for the 
simultaneous self-consistent solution of the equations (4.16) and (4.32). The 
cold cavity calculations can, therefore, give a good first overview of the desired 
parameter region but must be supplemented with self-consistent calculations. 

Effect of Beam Velocity Spread 

From the earlier studies it is observed that when velocity spread is taken into 
account, the initial values of Ut and Uz are not fixed, and the average in the 
self-consistent equations must be extended to include an average over initial 
values of these quantities. As a first step, one may consider a simple three 
point average over a triangular distribution in initial perpendicular velocity. 
The full width at half maximum is 2 Z\/3j_ and the electrons are assumed 
to be distributed with half at the central value (3±o and one quarter each 
at /3j_o ± This can be considered to be a crude approximation to a 
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Axial O stance (z/mm) 

Fig. 4.4. Normalized field profile for a TE 22,6 mode 140 GHz gyrotron resonator 
with Ro = 15.57 mm, O 1 I 62 IO 3 = 5/0/3°, L 1 /L 2 /L 3 = 14/16/12 mm. Solid curve: 
cold cavity, / = 140 GHz, Q = 1040; Dashes: self-consistent, / = 140.030 GHz, 
Q = 1135, Ib = 35 A; Dots: self-consistent, / = 140.082 GHz, Q = 1380, h = 60 A; 
for the self-consistent calculations, Ub = 78 kV and a 1.5 [163] 



Gaussian distribution. It has been pointed out by Ergakov and Moiseev [167] 
that the detailed form of the velocity distribution is less important than the 
size of the velocity spread. Numerous studies indicate that velocity spread 
can lead to a reduction of the output power and eflSciency. 

Beam energy spread is less important; a spread of 2% in the kinetic energy 
of an electron beam with 80 keV (AEkin = 1.6 keV), corresponds to a spread 
in 7o of only ± 0.003, or about 0.3%, which has no observable effect on output 
power and efficiency. 



4.3 Dimensionless Variables 

A number of different sets of dimensionless variables have been proposed 
and used by various workers or groups of workers. These can be very helpful 
in analyzing gyrotron behavior independent of nonessential parameters. The 
choice depends partly on the application and/or approximations used, and 
partly on the taste of the usei\ 

For example, if we define P by 

P = UtoP (4.33) 



and a detuning parameter S as 
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5.50 5.51 5.52 5.53 5.54 

Magnetic Field (B^ / T) 

Fig. 4.5. Output power (solid curve) and efficiency (dashed curve) as a function of 
beam current for a TE 22 ,e mode 140 GHz gyrotron {Ub = 78 kV, h = 35 A, a = 1.5, 
61 / 62/03 = 5/0/3°, L1/L2/L3 - 14/16/12 mm) [163] 
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(4.39) 



(5-1)! 

Here, h is the beam current. As usual, one imposes radiation boundary 
conditions at the output. If these equations are rewritten in terms of the 
independent variable z = uzjvzQ^ they become essentially independent of 
the mode, i.e.: 
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and the electronic efficiency can be written as 
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If one regards (|Pp — 1) as essential and defines a new independent variable 






(4.46) 



the system of equations becomes (for s = 1) 
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After a few more minor redefinitions one obtains the system of equations 
given, for example by [157, 164, 168]. In particular, one must set 1 



and 7o ~ 1 in the definition of I. 

In particular, one has the following dimensionless variables, namely, nor- 
malized interaction length (/i), normalized field amplitude (F), and normal- 
ized detuning (A): 
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(4.49b) 

(4.49c) 
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. (4.49d) 



Here L is the effective length of the field profile, usually taken to be the length 
of an equivalent Gaussian field profile of the form exp[-(2z/L - 1)^]. 

The relation the variables described at the beginning to those used by the 
lAP group [157] is given by equations (4.42), (4.46) and 



^mp 






ch 



mp 



(4.50) 



Antonsen, et al. [169] introduced another set of dimensionless variables, 
namely 
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which is the transit angle given by Bratman et al.[155] and 
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These approximations are adequate for beam voltages less than about 80 kV, 
but may not be sufficiently accurate at higher voltages. Suitable dimension- 
less variables for relativistic gyrotrons and other cyclotron resonance masers 
have been introduced by the lAP group, and the physics of such devices is 
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Fig. 4.6. Contours of Iso-transverse efficiency r]± (a) and corresponding normalized 
iso-detuning A (b) for normalized field amplitude and interaction lengths for the 
fundamental cyclotron harmonic operation of the gyrotron [173] 



discussed [170-172]. The results of calculations of the perpendicular efficiency 
for optimized for detuning parameter computed for various normalized field 
amplitude and interaction lengths are shown in Fig. 4.6 for fundamental op- 
eration of the gyrotron. The contours are similar for higher harmonics [173]. 

For cold cavity calculations, the dimensionless variables A and F pro- 
vide a compact description of the essential features of gyrotron behaviour, 
within the limits of the approximations made, which includes neglect of any 
form of velocity spread. In a self-consistent calculation, both /x and A will 
be modified from the input values by frequency pulling and distortion of the 
field profile. As has been pointed out by Bratman et al.[154], the value of fi 
at which optimum efficiency occurs is reduced to 14.5 from the Gaussian cold 
cavity value of 17. Even then, overbunching can occur if the beam current 
parameter is too large. Also, by choosing an even shorter resonator (that is, 
a smaller value of /i), it is possible to raise the maximum output power with 
only a modest sacrifice in efficiency, since the quality factor is decreased, and 
with it the wall loading [174]. Antonsen and Levush [169] point out that 
devices having a smaller value of /i have larger stable operating regimes. 
Such trade-offs limit the value of the popular /x — F contour plots (which 
do not appear at all in the lAP collected papers [155]). They are of some 
use for a first orientation in parameter space, but must be supplemented by 
self-consistent calculations over a fairly large region of the parameter space 
of interest, considerations of wall loading, voltage depression [175, 176] and 
mode competition. 
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One of the most important problems in the design of high-power gyrotrons is 
to ensure that the device operates in the desired mode. For high-power, high- 
frequency devices the effective mode density is very high, since the spectrum 
is dense and the current is above threshold for many modes. One must ask 
the following questions: Is operation in a single mode possible? How can one 
ensure single mode operation at the highest possible efficiency? It turns out 
that if certain conditions are met, single mode operation is stable. However, 
for a given set of parameters, any one of several modes can be the stable 
operating mode, and typically only one of these has the desired high efficiency. 
One must then ask how to access this mode in a manner that ensures that it 
operates stably. 

The problem of mode interaction in gyrotron oscillators was first studied 
around 1974 [177-179]. A more systematic review of the main effects of mode 
interaction was given in [86, 156, 157]. The role of these effects depends on 
several characteristic times that are important for the dynamics of multimode 
gyrotrons. 

To describe mode interaction in gyrotrons, several time scales are impor- 
tant. First there is a pulse rise time tpuise- This is the rise time for the beam 
parameters (typically a few hundred \is). In the case of CW (or long pulse 
operation) , the electron beam will be neutralized as a result of collisions with 
residual gas molecules in the tube. This occurs on a time scale tneut which is 
of the order of a few tens of milliseconds. The cavity reaction time is given 
approximately by 

tres ^ - (4.52) 

u 

where Q is the quality factor of the resonator, or by Tc, as defined in equation 
(5.45). The electron transit time is 

ttr = — (4.53) 

VzO 



where L is the length of the interaction region. The cyclotron resonance band 
is given by 
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Typically 



Ur < ires ipulse tneut' 



(4.55) 



When the transit time is much shorter than the cavity reaction time, one can 
neglect changes in the amplitudes of the various modes during the pass of 
a single electron through the resonator. If this is not the case, the so-called 
self modulation instability can occur [180]. This can occur in very short- 
pulse experiments (see [2] and the references therein), but is not relevant for 
gyrotrons developed for technological applications or fusion plasma heating. 
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It is also necessary to consider the beat period between two modes labeled 
1 and 2 (for example), defined by the expression 

27T 

tbeat — ] T • (4.56) 

1 ^ 1— ^21 

If three modes are involved, additional periods such as 

27T 

\uJi + CJ 3 — 2u2 I 

must be considered (here it has been assumed that the modes numbered 1,2,3 
are approximately evenly spaced, with cui < lu 2 < cl^s). 

The width of the resonance curves of the cavity modes {l/Ues) is generally 
much smaller than the cyclotron resonance band. However, the separation 
between mode frequencies can be of the order of the width of the cyclotron 
resonance band. In this case, the phase difference between the two modes 
can vary significantly during the electron transit time and an electron bunch 
formed as a result of interaction with one mode may have different phases 
with respect to different modes. The dispersive properties of the beam, as 
an active medium which causes the modes to interact with one another, 
are important. For the case of two mode interaction, this can happen when 
heat > hr but not when heat ^ hr- The effects of such dispersion will 
be described later. We next discuss phase beating in multimode gyrotrons. 
A thin annular beam of gyrating electrons excites TE^p modes of cylindrical 
(or coaxial) cavities near cutoff. The fields of these modes rotate azimuthally 
(here for the jth. mode) as 



exp[i{ujjt — rrijcl ))] . 

Each mode can be resonant with the electron beam at its cyclotron harmonic 
Sj . Hence the phase of the resonant component of this mode with respect to 
the gyrophase can be taken to be 

- rrijCp) . 

Thus in the equations describing mode interaction via the electron beam, 
one must deal with the difference in phases of the resonant components of 
the various modes. For two modes, this is 

(Z\0)2 = —{uJit - mi^) - —{u 2 t - rri 2 ^) , (4.57a) 

Si S2 

for three modes 

112 
{A(f))s = —{cJit - mi0) H {ujst - mz(t)) (u32t - m2(f )) , (4.57b) 

Si S3 S2 

and so on. When one considers the interaction of modes with a beam of 
electrons having various azimuthal guiding center coordinates 0e, one may 
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conclude that the evolution of amplitudes for two modes does not depend on 
their phases not only when the period of the resonant phase beating is much 
smaller than the cavity reaction time 



\s2OJl - SiLU2\ > 



UJ 

Q 



(4.58) 



but also when the azimuthal indices of the modes fulfill the condition [156, 
181] 

S2mi ^ sim2. (4.59) 

If three modes are involved, the corresponding conditions are 



and 



\s 2 Ss(^i -h S 1 S 2 UJ 3 - 2 siS 30 ? 2 | > Q (4.60a) 

5253 ml + 5i52m3 ^ 25i53m2. (4.60b) 



The starting point for a calculation of mode competition is the equation of 
motion for an electron in the field produced by a superposition of modes; then 
one must consider the power transfer from the electrons to each individual 
mode and determine the possible equilibrium states. 

The equation of motion for an electron in an RF field produced by several 
modes is 



dP ) P 

dz c(3m V7o 7o<^a/ 



• 7‘^a 

I 

CUzQ 



3 



ickjP*Y^~'^ 
2Qo ) 



(4.61) 



Here the index j is used as an abbreviation for mp. As before P = iut exp(— iA) 
describes the transverse component of the normalized electron momentum 
u = pimoc = ^v/c, with A — Uat — f2r — 0 as the slowly varying part of the 
gyrophase; oUa is an averaging frequency introduced by Nusinovich [156, 157] 
as mentioned in Sect. 4.1; Sj is the harmonic number; and kj = Xj/R{z) {xj 
is the pth root of J!^ {xj) — 0 for the TE^p mode). The other variables are 
defined by (as in equation (4.35) 



2meC^ U±o Ua {Sj ~ 1)! 



and 



= {cjj — SjLUa) t + {Sj zb rrij) 6e . 



(4.62a) 

(4.62b) 



Again, 6e is the initial azimuth of the electron in the hollow beam. In the fixed 
guiding center approximation, it is constant for a single electron. The factor 
CjGj is given in (4.36). One can define Cbf = ^ beam-field 

coupling coefficient. Note that 

t — [ — — dz = — [ —dz. (4.63) 

J loVzO J 70 
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In terms of dimensionless variables, one has, with P = P/ut, z = Uazlvzo 
and S = 1 — 

iQOJa ’ 



dz 



1_ 

70 



1 + ^ P 



exp[i7pj] 

7o ^ 



(4.64) 



It is possible to redefine P with the extra phase factor exp[—i'ipi] for j = 1 
(usually for the so-called main mode, but the choice is in principle arbitrary) 
and t = 0. In that case, the equation of motion takes the form 

~+i(^^-l + S^P = - -V’l)]- (4.65) 

In this case, 

= {ujj — uji)t {mi — mj)6e . (4.66) 

One sees that only the azimuthal phase difference (mi — mj)6e appears, 
and it has been shown [86] that it is sufficient to average over only the initial 
azimuth angle for the guiding centers. One must be sure that the number 
of averaging steps is not a divisor of (m^i — mj 2 ) for any of the interesting 
modes. 

In a self-consistent formulation, the field equations have the form (with 
the same assumptions as above) 

+ K^j{z)Fjfj = -Icj^{{P/l) exp[-i(V>j - (4.67) 

where 

(«8) 

(the approximation ckjjujj 1 has been made in the right hand side of the 
equation for the field profile). One can also take tOa = ^i, at least for fixed 
field calculations (not self-consistent). Actually, a small correction term in 
the field equation should be included [182]. It amounts to replacing k^( 2) by 
— Icj in the equations for the field profiles. 



4.4.1 Energy Transfer to a Single Mode 

The rate of energy transfer to the jth mode is given by 

d^n e ^ UC 77 „ 

-JT = 2^3 = “ “ 

dt meC^ 7 7 



(4.69) 



where Ej is the RF electric field corresponding to the jth mode. Recalling 
that 
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Ux = —Ut sin^, Uy — Ut cos^ (4.70) 

where Ut is the component of u perpendicular to the external magnetic field; 
W is given in equation (4.3) and that 

Ejx — Ejr COS 0 — Eje sin 0 , (4.71a) 

Ejy = Ejr sin 6 + Ejo cos 6 , (4.71b) 



one finds 

dt ^ dt 

where dutj/dt is the particle acceleration due to the electric field of the jth 
mode. The efficiency of energy transfer to this mode is given by 

70 - 1 ' 

And the total efficiency is the sum of the efficiency for energy transfer to each 
mode. In practice, r]j is calculated by means of an integral over the beam-field 
interaction: 



= Im 






70 (to - 1) 



4.4.2 Mode Suppression 

If a mode is oscillating, it can suppress the startup of a second mode. The 
phenomenon was discovered by Nusinovich [86, 156] and has been studied by 
numerous other authors [181, 183, 184]. In many of the earlier studies it was 
sufficient to use the two mode formalism, since the modes of interest were the 
TEon and TE2n modes. When one is dealing with whispering gallery modes 
or with high order volume modes, more modes must be taken into account. 
As an example, we show what happens when a single mode (here the TEqs 
mode) oscillates with the power predicted by single mode theory, and only 
a small amount of power is in the TE23 niode (or vice-versa). The cavity 
geometry and other parameters are similar to those discussed in [182]. 

In order to study this, we must consider the dynamics and time behaviour 
of two interacting modes. When the two modes are described by the cold 
cavity fixed field approximation, we have (4.69) and 

- Vj{Pi,P2)U,h-Pj, (4.74) 

where 7/j(Pi, P2) (calculated from equation (4.73)) is the efficiency for power 
transfer to the mode j when the power in each mode is Pi and P25 respec- 
tively; Pj is proportional to Fj and specifies the normalization of the jth 
mode; Ub is the beam voltage; and h is the beam current. 
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Fig. 4.7. Gyrotron dynamics for = 8A, Ub = 70 kV, B = 5.42 T, Rb = 1.82 mm, 
a = 1.5. (a) The TEoa mode is present at the beginning; (b) The TE23 mode is 
present at the beginning 



Figure 4.7 shows two cases of competition between the TE 03 mode and 
the TE 23 mode. The time dependence of Pout is shown for two different sets of 
starting amplitudes. The presence of one mode clearly suppresses the other. 
Generally, if a mode is oscillating, its stability against a parasitic mode can 
be determined by the sign of dPpg,rldt in the presence of the mode of interest 
(assumed to be oscillating with a large amplitude). If dPpg,r/dt is greater 
than zero, the main mode is unstable; if dP^^r/dt is less than zero, the main 
mode is stable. This criterion is completely equivalent to the one described 
by Nusinovich [156], although the proof is rather lengthy. 



4.4.3 Startup 

The dense mode spectrum of high order modes requires consideration of the 
temporal evolution of the beam parameters during the startup phase. The 
choice of startup scenario (the method in which the cathode and anode volt- 
ages of the gyrotron are raised from zero to their nominal values) determines 
the evolution of beam energy, velocity ratio and beam current during the 
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(initial) time changing portion of the electron beam pulse. Current neutral- 
ization during long pulse or CW operation also has an effect on the beam 
parameters which influences which mode oscillates in this case. This will be 
discussed below. Depending on the path taken, one of the possible modes will 
start to oscillate and will grow to a large amplitude. This mode can suppress 
all other competing modes even when the final beam parameters are such that 
another startup path would have resulted in excitation and oscillation of a 
different mode at higher power. Studies of the effect of startup on the behav- 
ior of cavity modes have been performed in [86, 136, 157, 181-183, 185-189], 
among others. 

For given beam parameters, modes with a range of detunings (value of S) 
are possible single mode equilibria. Which of these is reached depends on the 
startup scenario. If all the parameters were to instantly achieve their final 
values and the noise level is low, the mode with the largest linear gain (lowest 
starting current) grows fastest and suppresses its neighbors. However, if the 
system parameters attain their final values on a time scale long compared 
with the cavity reaction time Q/uj then the device is likely to pass through 
a series of “mode hoppings” as described in [181, 182]. 

Typically, the mode with the lowest power threshold will be excited first. 
As the beam parameters approach their final values, a different mode can 
be excited; however, its threshold must be determined in the presence of the 
oscillating mode and is not the one given by a single mode starting current 
calculation. Thus, the starting current curves (see Chap. 5) can provide use- 
ful information as to which mode is likely to be excited first, but cannot 
help in determining whether or not the mode remains stable when the large 
amplitude regime is reached. Most of the time the system passes through a 
sequence of stable steady states. If and when one of these becomes unstable 
with respect to perturbation by a parasitic mode, the system jumps to a dif- 
ferent stable steady state. The final state is almost always dominated by a 
single mode. The procedure described in [181, 182] with about ten points on 
the voltage rise curve is usually sufficient. Results obtained with a more ver- 
satile fully time dependent code [136] are very similar to those given by [182], 
as shown in Fig. 4.9. Here the startup of a 140 GHz gyrotron operating in the 
TEo 3 mode is simulated. Parameters are the same as for the case presented in 
[182]: Ib=S A, Ub=70 kV, B=5A2 T, Re =1.82 mm, o;=1.5. In both startup 
scenarios /3± increases linearly with time (the voltage rise time is 190 [is). In 
one case (a) it is assumed that the accelerating voltage and the modulation 
anode voltage are coupled by a voltage divider, (approximating a diode-type 
startup), so that both beam energy and are proportional to the time. In 
case (b) a so-called triode-type startup is simulated, with the beam energy 
constant and only increases with the modulation anode voltage. These 
quantities are shown in Fig. 4.8. Figure 4.9 shows the output power in the 
various modes as a function of time. For the diode-type startup, the TE52 
mode starts first, but is suppressed after about 122 ]xs by the TE23 mode. 
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Fig. 4.8. Beam properties for two different startup scenarios. Final beam properties 
Uh — 70 kV, a = 1.5. /3j_ increases linearly with time (short dashes, right axis). /3j_ 
and the velocity ratio a are shown as a function of time for two startup scenarios. 
Solid curve: a for diode- type startup, the beam energy also increases linearly with 
time. Long dashes: a for triode-type startup, the beam energy is constant (70keV) 



which in turn is suppressed by the TEqs mode (the desired mode) which 
achieves an output power of 278 kW. In the case of the triode-type startup, 
the TE 23 mode starts, and prevents the TE 03 mode from oscillating. This 
result is different from that given in [182] mainly because of the fact that the 
time-dependent code calculates the RF fields self-consistently, whereas the 
earlier work used the cold-cavity fixed field approximation. 



4.4.4 Time Dependent Formulation 



As discussed previously, most of the time the system passes through a se- 
quence of stable steady states, and the explicit time dependence of the field 
amplitude does not have to be taken into account. Sometimes it is useful to 
consider the explicit time dependence of the field amplitude, at least under 
the assumption that this changes slowly compared with a gyration period. 
This can be applicable when the beam parameters are changing, as is the case 
during startup, or during beam current neutralization. In a self-consistent for- 
mulation, the field equations have the form (with the same assumptions as 
above) 

dr 

= -Icj — {{Ph) exp[-i{ipj - -ipi)]) , (4.75) 



where 



Icj = 



eZoIb 2 0zo 

2mc2 ■ 70 



and r = LUat. 
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Fig. 4.9. Time dependence of output power in various modes for final beam prop- 
erties Ib — SA, Uh — 70 kV, B = 5.42 T, Rb = 1.82 mm, a = 1.5. Solid curve: TEoa 
mode; long dashes: TE 52 mode; short dashes: TE 23 mode, (a) Diode-type startup: 
the TEo 3 mode oscillates; (b) Triode-type startup: the TE 23 mode oscillates; and 
other modes are not visible 

A code to calculate the evolution of the RF field amplitudes in this ap- 
proximation has been described in [136]. Equivalent equations and some ap- 
plications have been presented in [190, 191], as well as in [189]. Some of the 
Russian work has been described in Chap. 4 of [72]. 

4.4.5 Current Neutralization 

In long pulse or CW operation, depending on vacuum conditions in the tube, 
the beam space charge will, after a few tens of milliseconds, become neu- 
tralized, resulting in a change of beam energy. Since the perpendicular mo- 
mentum is unaffected by voltage depression, the velocity ratio a = (3±.l(3z 
will also be changed. The values of beam energy and velocity ratio used for 
startup calculations and for beam optics calculations must include the effects 
of voltage depression. For desired values of beam energy and velocity ratio 
in CW operation, it is necessary to determine the effective beam energy and 




76 



4 Calculation of RF Behaviour 



Table 4.1. Dependence of beam properties on time for two combinations of currents 
in the magnet coils. Accelerating voltage is 81 kV and beam current 40 A 





case 1 




case 2 




t (^s) 


Ek (keV) 


a 


Ek (keV) 


a 


77 


65.5 


1.39 


64.7 


1.31 


88 


69.5 


1.44 


69.8 


1.35 


99 


73.6 


1.46 


73.9 


1.36 


no 


75.6 


1.46 


76.0 


1.36 


50000 


81.0 


1.31 


81.0 


1.23 



velocity ratio including voltage depression that correspond to these values. 
The effect on the beam parameters also influences which mode oscillates in 
the case of long pulse operation. 

We illustrate this with some examples taken from the design of a gyrotron 
which is supposed to operate at power close to 1 MW at 140 GHz. The chosen 
operating mode is TE 22 ,s- Table 4.1 gives beam energy and velocity ratio as 
a function of time assuming that the final accelerating voltage was 81 kV and 
beam current 40 A, for two different assumed magnetic field profiles (cases 1 
and 2) in the gun region. During startup, the accelerating voltage varied from 
71 kV to 81 kV. Small differences for different values of the cavity magnetic 
held (which was varied in the range 5.55-5.57 T) are neglected. The beam 
guiding center radius is 8.1 mm. Startup is assumed to be complete after 
about 110 ps. The current neutralization takes place on a time scale of about 
50 ms. After beam space charge neutralization the beam energy was 81 keV 
and the velocity ratio was 1.31, respectively 1.23. 

Single mode calculations [192] indicated that at a frequency near 140 GHz, 
the TEi 9^9 mode with counter-rotating polarization may prevent the TE 22 ,s 
mode from oscillating at optimum parameters. To check this, calculations 
of startup and beam space charge neutralization were performed using the 
self-consistent multimode code SELFT [136]. It turned out that the TEi 9^9 
mode will probably not present any difficulties. However, competition with 
the TE 2 i ,8 mode may prevent operation at the optimum parameters. Raising 
the magnetic field somewhat (and hence changing the detuning parameter 
S = 1 — ujc/i'yoo)) can eliminate the problem with mode competition while 
affecting the output power only slightly. 

Figure 4.10 shows typical results, here for B=5.56 T and the higher ve- 
locity ratio (case 1). During startup, or in short pulse operation, an output 
power of about 0.94 MW could be expected. For this case, the power in the 
TE 22,8 mode rises to 1.29 MW and there is no interference from other modes, 
which are not visible in the figure. If the magnetic field is lowered to 5.55 T, 
the TE 22,8 mode stops oscillating when the beam energy reaches 80.5 keV 
and the TE 2 i,s mode oscillates with an output power of about 0.43 MW 
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Fig. 4.10. SELFT simulation results showing output power as a function of time 
for a TE 22,8 gyrotron considering the probable competing modes, (a) before and 
(b) after current neutralization. Here, Eb = 65.5-75.6 keV for (a) and 75.6-81 keV 
for (b) and a varies accordingly, /j, = 40 A and B = 5.56 T 



(Fig. 4.11). With the lower value of a a higher magnetic field (5.57 T) was 
needed to ensure that the TE 22 ,s mode continued to oscillate (with power 
about 1.2 MW) (Figs. 4.12 and 4.13). These results are qualitatively similar 
to those presented in [193] and [194]. 



4.4.6 Mode Competition with Different Harmonics 

Second harmonic modes are difficult to excite because of mode competition 
between the fundamental and the second harmonic modes [195, 196] . Due 
to mode competition, the higher-power operation at the fundamental may 
suppress the second harmonic, so that higher frequencies cannot be reached. 
For these reasons, such a phenomenon has been intensively studied both 
theoretically and experimentally [86, 156, 179, 195-197]. Various approaches 
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(b) 



Fig. 4.11. SELFT simulation results showing output power as a function of time 
for a TE 22,8 gyrotron considering the probable competing modes, (a) before and 
(b) after current neutralization. Here, Eh — 65.5-75.6 keV for (a) and 76-81 keV 
for (b) and a varies accordingly, = 40 A and B = 5.55 T 



have been proposed to eliminate undesirable mode competition, for example 
specially designed cavities and careful choice of gyrotron operating conditions. 
In this section, we will use the formalism developed by Borie and Jodicke 
[183, 184, 197] to study whether two modes can oscillate simultaneously, or 
if the existence of one mode prevents the other from starting up because the 
microwave power depends strongly on the mode present. 

The starting point for a calculation of mode competition is the equation 
of motion for an electron in the field produced by a superposition of modes, 
and then one must consider the power transfer from the electrons to each in- 
dividual mode and determine the possible equilibrium states. As given above, 
this is (in unnormalized variables) 
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Fig. 4.12. SELFT simulation results showing output power as a function of time 
for a TE 22,8 gyrotron considering the probable competing modes, (a) before and 
(b) after current neutralization. Here, Eb = 64.7-76 keV for (a) and 76-81 keV for 
(b) and a varies accordingly, Ib = 40 A and B — 5.56 T 



— + i ( — 

dz cPzo \7o 



■^0 \ 
70<^a/ 






V 2/?o ) 



with 



Fi = 



2meC^ {Sj - 1)! UaUt ’ 



and 

'Ipj = {ujj — SjUJa) t + {Sj ± rrij) 0e . 

For the purpose of studying mode competition between the fundamental 
and the second harmonic, we consider the dynamics and time behaviour of 
two interacting modes. The energy transfer to the jth mode is described in 
equations (4.72) and (4.74). 
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Fig. 4.13. SELFT simulation results showing output power as a function of time 
for a TE 22,8 gyrotron considering the probable competing modes, (a) before and 
(b) after current neutralization. Here, Eb = 64.7-76 keV for (a) and 76-81 keV for 
(b) and a varies accordingly, /^ = 40A and B = 5.57 T 



There is a stable two mode equilibrium if rjj{Pi,P 2 ) = PjlUbh for both 
modes. Define Ij — Pj/UbhVj{Pii P 2 )] then 

= Vj{Pi,PMh - ij) . (4.76) 

(jO j CLT/ 

If the jth mode is arbitrarily defined to be the working mode, with Ib = Ij^ 
it will be stable against perturbation by a parasite mode i, provided Ib < U, 
since the parasitic mode will be suppressed in such a case. The parasitic 
mode i could start oscillating if Ib> Ii> 0. This stability criterion is mathe- 
matically equivalent to one introduced by Nusinovich [157], but is physically 
more transparent. When such a situation occurs, it is necessary to calculate 
the full time dependence (cold-cavity, fixed-field approximation), or for the 
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self-consistent case, to repeat the calculation for mode j, taking into account 
the effect of the parasitic mode, and to iterate until li — Ij = h- 



Numerical Example 

For the numerical calculations, one must average over the initial gyrophase 
Aq and initial phase 'ipo (using the cold-cavity fixed-field approximation) . For 
convenience, we can take Ua — uji/si. It has been shown [156, 157, 177] 
that an average over is equivalent to an average over initial azimuthal 
provided sirrii ^ 52 m 2 . In fact, only the relative initial phase -020 “ 0io is 
important. This is equal to (cj 2 ~ S 2 ^i/si) to -h (s 2 =F m 2 — si ± mi) with 
the above choice of LOa- For rotating modes, an additional additive constant 
has no effect after averaging. This is not necessarily the case when one or 
both of the modes involved has a standing component. 

The Japanese/ Australian experimental results indicate that at low powers 
multimoding is more likely than seems to be the case at higher powers (where 
fundamental operation seems to dominate unless the second harmonic mode 
is well isolated). The full time dependent formalism can be used to calculate 
such operating points, i.e. equation (4.76) is solved either until a two mode 
equilibrium is reached or until it is clear that a single mode equilibrium is 
stable against perturbation by the parasite. 

The example presented here is based on the Gyrotron FU 2 of the Fukui 
University with cavity radius 2.425 mm and length 14.5 mm [196, 198]. 
In the experiment, the electron beam radius was chosen to be 1.25 mm 
{Re/Ro = 0.515), which corresponds to the third maximum of the cou- 
pling coefficient for the TE 26 co-rot at ing mode. For this beam radius, the 
TE 23 mode may have a standing wave structure. Figure 4.14 shows typical 
results for competition between the TE 26 mode and TE 23 mode. The TE 26 
mode is started at the amplitude expected from a single mode calculation, 
and the TE 23 mode is started with an amplitude corresponding to an output 
power of 1/10 of that in the TE 26 mode. The beam parameters are assumed 
to be constant, and startup scenarios are not considered. Thus the physical 
picture is that a working mode (here TE 26 ) is established and a perturbation 
(here TE 23 ) is applied. For a current of 0.40 A, the TE 26 - mode is stable 
and the TE 23 mode is suppressed. At a much higher current, for example 
A= 1.10 A, only the TE 23 mode oscillates. 

One found [199] that the maximum current for single mode operation 
of the TE 26 - mode is about 0.48 A, and for a current above 0.54 A the 
output power of the competing TE 23 mode will exceed that of the working 
TE 26 mode. The experiment at Fukui University [196] on the Gyrotron FU 2 
shows that, at the beam current 0.5 A, a single TE 26 mode at the second 
harmonic was observed; when the current was increased to 0.80 A, the TE 23 
mode at the fundamental appeared and coexisted with the TE 26 mode, with 
an output power about 1.40 times of that of the TE 26 mode; at the higher 
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T (ns) (b) 



Fig. 4 . 14 . Output power Pout versus time for the TE26- and TE23 modes, where 
Ub = 40 kV, B — 7.31 T, a = 1.50, Re = 1.25 mm. Solid curve: TE 26 mode; dashed 
curve: TE23 mode, (a) beam current h = 0.40 A, (b) beam current h = 1.10 A 
[199] 

current 1.1 A, only the fundamental oscillated and the second harmonic is 
completely suppressed. One can find good qualitative agreement between our 
theory and the Japanese experiment. 




5 Practical Considerations 
for Gyrotron Design 



5.1 Introduction 

The design of a particular gyrotron always involves tradeoffs among a num- 
ber of mutually incompatible design goals and constraints (of both physical 
and technological nature). Design specifications and goals will become more 
stringent if one wishes to work at elevated frequencies, higher power lev- 
els from long-pulse to CW operation, and with higher cyclotron harmonics 
(s > 1). The general design constraints for high power gyrotrons are shown 
in Table 5.1. 

In Table 5.1, the first four constraints are related to electron beam physics 
whereas the emitter radius and the corresponding current density are tech- 
nological constraints. The magnetic compression has a direct relation to the 
emitter radius. We first discuss the physical constraints that limit the oper- 
ating parameters of a gyrotron. Wall loading is a major problem to be dealt 
with as wall losses can make it impossible to operate the device at long pulses 
or CW. The voltage depression and limiting current are problems related to 
the beam quality which has a direct influence on the resonance condition and 
interaction mechanism. 

In this chapter, we present some general design considerations for partic- 
ular gyrotrons in terms of the main design constraints, namely, wall losses, 
voltage depression, and limiting current. Choice of the beam radius and the 
importance of Fresnel parameter are also discussed. In addition, starting cur- 
rent calculations and Rieke diagrams to estimate the effect of reflections are 
presented. 



5.2 Wall Losses 

The problem of the distribution of wall losses is important for long pulse to 
CW operation of high power gyrotrons since the problem of cooling depends 
on the local wall loading as well as the total losses. It is desired to keep the 
maximum local wall losses at a level below 2.0kW/cm^. 

The local wall losses are given by [129] 

= -^Re[n ■ {E X H*)] . 



dA 



(5.1) 
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Table 5.1. Gyrotron design constraints 



Constraint 


Limit 


Peak ohmic wall loading {pn) 


< 2 kW/cm^ 


Voltage depression (AV/V) 


<0.1 


Ratio of beam current to limiting current (h/lL) 


< 0.5 


Magnetic compression (6comp = Hcav/^gun) 


< 50 


Electric field at the emitter {Ee) 


< 7kV/mm 


Emitter mean radius (Re) 


< 50 mm 


Cathode current density {je) 


< 4 A/cm^ 



The skin depth is defined as 

liQua ) \ TTiJLoca ) \ 'kZqg 

where A is the free space wavelength, /xq is the permittivity, a is the electrical 
conductivity, and Zq = /xoc ^ 377 Inside the conductor, the fields depend 
on the coordinate ^ perpendicular to the conductor wall as exp[— (1 — i)^/S]. 
One then uses the following Maxwell’s curl equation 

V X H — J iuj6()E 





to show that 



“ (2^5) “ (^4 ) “ (4//o) 

Here Htan is the tangential component of H given by 

Htan = n X H — ^ {Hr siu 6 Hz COS 0) — zH^ cos 6 — rH(j) sin 6 . 



Thus 



dPios, 

dA 






cos^ 6 



+ 



(5.4) 



Since we use the model for the high frequency fields described in Chap. 3 
(as described in [123]), we can write for the TE modes 



LUfl()Hz — ^ ^ ] •> 

= Re ^ (± — 



I ( i\ dVjnp tR dlprnp 



Aojt 



dz R dr 



mp 
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with xl^mp = Crnp Jrn{krnpr) exp[=f irri(f)]. For a weakly tapered resonator 
(tan^-u; ^ 1), one may neglect terms involving R'/R and truncate the ex- 
pansion in cylindrical eigenmodes at a single term. Using the fact that 



^2 

^mp 



Jmi^rnp) 



1 

^ {^mp - m^) ’ 



we obtain 



^ ( S \ 1 I 4 2 ^ dVmp 

dA - [ATTfioUjJ ymp\ymp\ + 



(5.5) 



For weakly tapered cavities, dA R{z)d(f)dz and for azimuthally symmetric 
(m = 0) or rotating modes, one may integrate over 0 to obtain 



dPloss f dR \ 1 ( ^mp ^ dVrnp 

dz \2 /iqlu J {x‘^p — m‘^) 1 R‘^ dz 



(5.6) 



The total wall losses are given by integrating over z. We have, for a weakly 
tapered resonator 




(a more exact system is given in Chap. 3). We then have 




where ujq is the real part of uu. The surface term is usually negligible. Then 
we may write. 
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The ohmic Q of the resonator is defined by 

QnPioss = , 

where W is the total energy stored in the resonator so that 



(5.9) 



W 



-2 / 



' dz, so that 



1 

Qq 



Ploss _ 

uW 



X 



mp 






B? 



+ 



'*^mp 

B? 

m? 



+ 



ujI 



mp 






mr \ 



(5.10) 



The first term in the square brackets is very close to unity for TE modes 
operating near cutoff. The second term vanishes for azimuthally symmetric 
modes but can be quite large for whispering gallery modes. Setting the first 
term equal to unity, we obtain 



Qn ” \r) I - m2 



(5.11) 



A knowledge of the ohmic Q is useful for efficiency studies. The total efficiency 
is given by 



^tot-^in — -^out‘ 

The electronic efficiency is the fraction of electron energy given to the elec- 
tromagnetic field 



— P Dut P\oss' 

Since Pout = (joWjQ, we have Pioss = Pout • Q/Qn and r/eiPin = 
(1 -f Q/Qo)Pout, and we can write 



^tot — ^ • (5.12) 

Qn 

For high power gyrotrons, it is desirable to keep QIQq as small as possi- 
ble. For numerical calculations, we took a for ideal copper at room temper- 
ature 300 K). As it has already been mentioned, the general limitation 
set for the wall loading is 2 kW/cm^ for CW operation of the gyrotron. The 
actual wall temperature is not uniform, and will depend on details of the 
cooling system design. Variations in a or in 5 due to effects of roughness 
of the cavity surface (which can lead to 6eff — 26 [200]) can be taken into 
account by scaling Pioss with the factor 6eff/6. 
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5.3 Voltage Depression and Limiting Current 

The most important effect of space charge on the operation of a gyrotron 
is the degradation of beam quality [175, 176]. The potential drop across a 
uniform annular beam of thickness A at radius Re is 



, , IZo f ^ A 



60/? 



_L A 

Jz ^ 



Here, 



9{r) = f 

JR 



Re-^ 



^^dr' with 
Ir 



/(r)= 0 , r < Re 



2 ’ 



2ReA 



-( Re 



= I, r > Re + Y 



Thus, 



ff Re + 



1 



2ReA 
A 



ReA 



Re 



2R, 2^ « ‘ 



(5.13) 

(5.14a) 

(5.14b) 

Re-~<r<Re + ^, (5.14c) 
(5.14d) 

(5.15a) 
(5.15b) 



y I Re + ^ 

2 ■" 



This will give rise to a spread in the initial beam energy of eAcpb or 

A(f)b 



^7o 



rUeC 



.2 • 



(5.16) 



In addition, the nominal beam energy is reduced by 



AU = In 



27T/32 



-601? 






Iyi( 

Pz ^ \Re) ' 



(5.17a) 

(5.17b) 



This can change the resonance condition, which involves i?o/7oc<; and the 
value oi a = vj_/vz for which the mirroring of the beam can be a problem. 
In addition, the spread in Pz will increase, which has further deleterious 
effects on beam quality. Both these effects should be kept as small as possible. 
A change of 1 kV in beam voltage results in a change of 70 of 0.002. For 




88 



5 Practical Considerations 



the calculation of the modification of beam properties, we note that the 
momentum component perpendicular to the magnetic field 

7/?x - 7 ^ (5.18) 

is not affected by the voltage depression. Here Ec is the electric field at the 
cathode, Be is the cathode magnetic field and B is the resonator magnetic 
field. It is clear that = (1 — — 1 / 7 ^)^/^ will be affected by the voltage 

depression, since 7 is effectively reduced from 70 = 1 + C//511kV to 



7e// = 7o - 



\eAU\ 



mc^ 



- 70 - /* 



1 - 



= 70 -^ _ 

7o (1 - /^zo) 



(5.19a) 

(5.19b) 



with 



6012 I 
511 kV 



In 



Rq 

Re 



(5.20) 



and l3zo is the value of pz in the absence of voltage depression. The operating 
parameters at the resonator are thus: 



7e//, P± = 



7oP±o 

7e// ’ 



and l/7eff 



(5.21) 



This will also result in a reduction in total efficiency by the factor 



7e// - 1 ^ ^ \eAU\ 

7o - 1 511 kV (70 - 1) 



(5.22) 



unless a depressed collector is used to regain some of the beam energy. The 
accelerating voltage applied is not fully available to the beam due to voltage 
depression and one has to take this fact into account when designing the 
gyrotron device. On the other hand, if the gyrotron is to be designed for 
long pulse or CW operation, one must remember that the beam space charge 
will be neutralized on a time scale of 50-100 ms. Then the beam will have a 
higher energy, but the effective velocity ratio will be reduced. 

These considerations are related to the limiting current [175, 176], since 
this is a natural consequence of voltage depression. The limiting current (/l) 
is the current beyond which the voltage depression becomes so large that 
0 and mirroring of the beam occurs. One therefore has to consider 
the value of the limiting current when designing the gyrotron. pz is reduced 
to zero and becomes imaginary when I > where [176] 
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Table 5.2. Bessel zero, cavity radius, beam radius, voltage depression, limiting 
current and maximum power density of wall losses, assuming a beam current of 
40 A, Pz = 0.27 and an output power IMW for candidate modes of a 140 GHz, 
gyrotron (TEio ,4 was chosen as the operating mode) 



mode 

TEmp 


Xmp 


Ro 

(mm) 


Re 

(mm) 


AV 

(kV) 


II 

(A) 


2 2 

^mp ^ 


10, 3 


20.223032 


6.90 


3.65 


5.62 


65.9 


309.0 


10, 4 


23.760715 


8.10 


3.65 


7.04 


52.6 


464.6 


11, 3 


21.430855 


7.31 


4.01 


5.30 


69.9 


338.3 


12, 3 


22.629299 


7.72 


4.37 


5.02 


73.8 


368.1 


15, 2 


22.142248 


7.55 


5.45 


2.89 


128.3 


265.3 


16, 2 


23.264269 


7.93 


5.80 


2.76 


134.0 


285.2 



II 



/ 511kV \ T* 

V 60 i7 / ^max 




and 



r 

max 



= 70 1-(1 






(5.23a) 

(5.23b) 



Numerically, for 70 1.157 and /?_lo — 0.43, (5.23) gives 0.004. 

When I* > /^ax5 there is no real solution to (5.19), which determines 7eff. 
As an example, the limiting current, voltage depression and wall loading 
factor (x^p — rn?) for a typical case is shown in Table 5.2. For a Gaussian 
field profile, the integral in (5.8) can be evaluated analytically. In the table, 
the wall loading is not given because of the inadequacy of this approxima- 
tion, which tends to underestimate the maximum wall loading. Realistic wall 
losses, including the effect of surface roughness, will be higher by a factor of 
approximately 2.0. However, to assess the relative wall loading for different 
modes, the quantity — m? is included. Therefore, these calculations will 
give the designer a first estimate for the choice of operating mode. A more 
exact figure on wall losses must be provided by self-consistent calculations of 
the beam-field interaction, which take into account a realistic field profile. 

Ideally in CW operation, the limiting current should be at least a factor 
two larger than the operating current. The fact that in long pulse opera- 
tion the beam space charge is neutralized by background gas permits one 
to consider relaxing this constraint somewhat. The upper limit for voltage 
depression is roughly estimated to be around 10% of the applied accelerat- 
ing voltage; above this value instabilities may occur. It was observed that 
the effect of voltage depression can be partly compensated by increasing the 
beam voltage [160]. But the price paid is a loss of efficiency in short pulse 
operation. Use of a depressed collector can offset this somewhat. 
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5.4 Choice of Beam Radius 

In gyrotrons the electron beam radius Re is usually chosen such as to max- 
imize the coupling of the electron beam to the RF field, which is polarized 
either co-rotating or counter-rotating with respect to the gyrating electrons 
{\Jm±s{kmpRe)\ is maximum). Sometimes for various reeisons, the beam ra- 
dius has some other value, especially in a step-tunable gyrotron, since the 
magnetic field is varied over a wide range and the beam radius is related to 
the magnetic field (see Chap. 6). In such cases, the coupling of the beam to 
both rotating RF field components may become comparable. It was shown a 
long time ago by Moiseev and Nusinovich [178] that if the beam-field coupling 
coefficients differ by as little as 10%, the azimuthal polarization component 
with the strongest coupling to the beam will suppress the other. This was 
confirmed by Borie [128] for the case of the TEi 5^2 mode at 140 GHz, and 
also by others. 

One can summarize the influence of the beam radius on the azimuthal 
polarization as follows. From the beam-field coupling coefficient Cbf = 
C^^pkmpJm±s{kmpRe), One Can scc that: 

- when J^^g{kmpRe) < Jm-si^rnpRe)^ Only the co-rotating wave is excited; 

- when J^_g{kmpRe) < ^mFsi^rnpRe)^ Only the counter-rotating wave is 
excited; 

- when J^_^g{kmpRe) and J^_g{kmpRe) are comparable, and both nonzero, 
it is difficult to determine exactly how much of each rotating component is 
present. In this case, a so-called mixing angle 0 can be used to characterize 
the admixture if the RF field is a linear superposition of co-rotating and 
counter-rotating polarizations. The classical azimuthal standing wave is 
characterized by a mixing angle 0 = tt/4. 

However, we note that even a small admixture of an oppositely rotating 
component can produce a large signal in a diagnostic such as thermopaper 
[201]. At any axial position, a superposition of the two rotating components, 
normalized to a factor which takes into account energy conservation, can be 
written as 



E (X Re[cos 0 exp{iut — mcl)) -h sin 0 + mcj))] 

The blackening of the thermopaper is proportional to the local time averaged 
power: 

1 

S — — \Ef dt (X 4 sin 0 cos 0 cos^ + (1 — 2sin0cos0) . 

T Jo 

If even 10% of the power is in the counter-rotating mode, the signal caused by 
the azimuthal standing wave is stronger than that due to the rotating mode 
by a factor of 3. The signal is still comparable when only 1% of the power 
is in the counter-rotating mode. Also, window reflections or reflections from 
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the diagnostic can introduce small contributions from the counter-rotating 
mode, which makes a comparison between theory and experiment difficult. 



5.5 Fresnel Parameter 



Russian researchers introduced a parameter called the Fresnel parameter 
(Cf) which can influence how a particular mode oscillates [139]. It is de- 




(5.24) 



Here L is the effective length of the interaction region. It describes the ef- 
fective diffraction of a wave at the taper transitions in a resonator. For TE 
modes near cut-off, (27 t/A) (x^p/Ro)- Substituting this approximation in 

(5.24), we obtain the following expression for the Fresnel parameter: 




In most design studies, this modified expression (5.25) is considered as the 
original definition for the Fresnel parameter. However, one should not forget 
the relevance of the cavity radius Rq m. Cp as given in (5.24). According to 
Gaponov et al. [139], cavities with Rq > L, the Fresnel parameter is rather 
small Ci? < 1. This gives an unfixed longitudinal and transverse structure of 
the RF field. But in later studies, it was never discussed except that a physical 
constraint of > 1 is assumed for the buildup of a particular mode. 

In this context, if we recall the basic formula for the cavity radius 
Ro{mm) = 300 x^p/( 27 t/(GHz)), it will be much larger for higher order 
modes for the same frequency. Therefore, according to Gaponov et al. [139], 
it may be interpreted that the fixation of the longitudinal and transverse 
structure of the RF field is difficult when Rq > L in the case of operation 
with higher order modes. However, the limiting value of C/? is not yet fixed, 
since for many of the successfully working gyrotrons operating with very 
high order modes, namely, TE 22 , 6 , TE 2 s, 8 , TEsi^g, TE 25 ,io, TEsi^iy, its value 
is around 0.5-0. 8 and the ratio Rq/L ^ 1.2 — 2.0. Other considerations ap- 
pear to be more important. Although the last word on the subject has not 
yet been spoken, it is probable that a value Cp > 0.5 is desirable, but that 
Cp > 1 is not necessary. 



5.6 Starting Current 

The starting current Istart was defined in the previous chapter as the mini- 
mum current for which dPidt > 0 in the limit P — 0: 
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I start — ( U 



dr] 

ZpI 



-1 



lp=o> 



The starting current can be calculated in a linearized single mode theory. 
This has been done in a number of ways by [202-205]. Here, we sketch the 
derivation given in [205]; the others are similar or equivalent. For simplicity, 
we limit ourselves to the first harmonic. 

The differential equation describing the efficiency is 



dr] 

dz 



hUc 



J 



Re E* ^ dA , 



(5.26) 



where Ib is the beam current, Uc is the accelerating voltage. Here the electric 
field is given in chap. 3 and the current term is described in Chap. 4. Recall 
that in the equation of motion, the factor Gmp determines the beam-field 
coupling for the rotating field components. Then, one can write the integral 
appearing in (5.26) as 



/ 



E* -J^dA 






(5.27) 



where the average is carried out over the initial gyrophases Aq. 

Recall the equation of motion (4.37) in dimensionless variables (here for 
s-1): 

^ ^ 7 



dz v^o \7o / ^zo7o 



mpfmp{^) • 



To linearize the theory, let us consider the case F ^ 1, and write 
P = Pq -}- FP\ -f- • • • . Let 



Ai(z) 



(jj 

VzO 



1 - 



i7(z) 

CJ70 



To zeroth order in F, we have 

dPo 



dz 



H" iAi{z)Po ~ 0 , 



with the formal solution 

Po = uoexp -i (^ylo + J A[{z')dz'^ . 

For a weakly tapered magnetic field, one can write 

A,{z)^A, + A[{z). 



(5.28) 



(5.29) 



f Ai{z')dz' = A\z + [ A\{z')dz' . 
Jo Jo 



Then, 
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For the moment, let us assume a constant magnetic field {A[ ~ 0). The 
generalization to nonuniform fields is trivial, and can be easily included in 
the numerical calculations. It is easy to show from (4.16b) that 

= -27 - Im(F*/) • (5.30) 

az 7o 

Hence, 

^ = + ( 5 . 31 ) 

with Po = Uto exp[— i(ylo + Ai z)]. Obviously, (Pof\ = 0 and hence 



Pi is a solution of 

^ + iAi{z)Pi + — Re (Po*Ri) = if(z) , (5.33) 

az Vzo 

with Pi(0) = 0. Let Pi{z) = g{z) ex.p[—i{Ao + Aiz)] and substitute (5.29) 
into (5.33). This result is 



dz 



iuj 

VzO 



— ) Reg + i f 
70 / 



— {P±of Reg + if. 

VzO 



(5.34) 



This defines / = /exp[— 2(ylo + Aiz)]. Then 



Equation (5.34) has the formal solution 



Re g = - 



[ Im f{z')dz' . 

Jo 



Img = [ Re f{z') + • ( / Im f{z")dz 

Jo \ J 



(5.35) 



(5.36) 



We can now solve for the electronic efficiency: 
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□2 pL 



The first two terms of (5.37) combine to give 



2 / pL 



f f{z)dz 
Jo 



One can show that the last term of (5.37) is equal to 






7o 2w^o 



- (^mf{z) j Ref{z'')dz"^ dz'^ dz 

ssii5(ir'"f) 



Hence 






(|/ ) ^ ( -^ f{z)F^^^dz ^ , 

the average over initial gyrophase is now trivial. Next observe that 

Q^out = Qr]hUc 

I 2 

— 2^^^ J 

f ^ VzO 1 ^ 

U)€qF I /(2) dz- ( j 

^ Jo ' L\ ^ / ^^rnp^mp^mp_ 
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The starting current is given by 

Istart Uq — 



dr] 



-1 



Y dPout 

and for the fixed-field case considered here 
dr] 



(5.39) 



Pout= 0 ' 



dPc 



dr] 1 Q 
dF‘^ 2 {jocq 



^mp Cmp G mp 



1 2 



1 



out ar- ^ LUfzQ i\rrieC^ J PzO J J \f\^dz 

Thus we can write the expression for the starting current (for arbitrary 
harmonics) as follows: 

\ -1 



1 ^ U T|/(^) 

^ start / yA Jq 



dz 



kmp ^mp ^ mp 

Pzois - 1)! 



s + 



1 d 



2 Vzo dA, 



^^mp^oPl.0 \ 

^0 J 

t me 

Jo 



2(s-l) 



Agz 



dz 



(5.40) 



This is identical to the expression derived using other methods by Nusinovich 
and coworkers, except for the additional factor I/ 70 . Here, in the above ex- 
pression (5.40), 

VzO V ^70 ) 

s is the harmonic number and f{z) is the normalized field profile. All 
other quantities have been defined previously. For a Gaussian field profile, 
f{z) = exp[—(2z/L — 1)^], one obtains 

[ f{z)e^^'‘dz 

Jo 

When comparing this result with a realistic field profile, the full width at half 
maxi mum of \f{z)\ is useful. For the Gaussian field profile, it is Lfwhm = 
L-V]n2 ~ 0.83L. 

If the RF field is a linear superposition of co-rotating and counter-rotating 
components (this can occur, for instance, when the beam is not exactly cen- 
tered on the resonator axis or is not perfectly homogeneous and m ^ 0) , then 
the RF field has the form 



L^7 



exp 



{AsLy 



(5.41) 



Ee = CmpkmpJ'm(kmpr)e"Jrnp{z) , 

Er = -iCrnpkrnp{m/krnpr)Jrn{krnpm"Jrnp{z) (^+ 6 +*™^ + , 

with 

V+ = Vmax sin and V_ = Vmax cos 0e“‘^ . 
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Here & is an arbitrary parameter, analogous to the mixing angle used com- 
monly in particle physics [206]. It is well known that this linear combination 
is the most general one possible [207] . This choice preserves the normalization 
of the basis states, as it is shown in any text book on linear algebra. Also, we 
follow Feynman [207] in distributing the relative phase symmetrically over 
the components. Other conventions are possible, but the symmetric one is, 
according to our opinion, the most useful. For standing waves, 0 = tt/ 4. If 
the cavity is slotted, this choice gives the appropriate normal modes, as was 
pointed out by Petelin [202]. For a slightly elliptical or displaced beam this 
is unlikely to be the correct choice. The mixing angle should be a continuous 
function of beam eccentricity. In this case, the factor Gmp in (4.16) should 
be replaced by 

'cOSee-^(^+^^‘^Jm-s{kmpRe) + (-1)* sill J„+,(fc„pi?e)] • 

(5.42) 

The average over 6e is then equivalent to an average over x/m -f and the 
relative phase disappears trivially. For practical calculations, it is preferable 
to remain with a linear superposition of two modes, rather than to try to 
combine (5.42) into amplitude and phase. This formulation retains more ex- 
plicitly the basic linearity of Maxwell’s equations and is computationally less 
intensive. In the linearized theory, after averaging over 6e^ one obtains the 
above expression (5.40) for the starting current, except that is replaced 
by 

cos 0 J YYi— sikmp^e) Sm 0 J^_^g(^knnpRe) • 

This is an obvious generalization of the formula for standing waves given by 
the lAP group [202]. 

As a typical example, the starting currents for a TEio ,4 mode gyrotron 
operating at 140 GHz along with its competing modes is shown in Fig. 5.1. 
A Gaussian field profile was employed for these calculations, which is a com- 
mon practice to initially compute the starting currents of main mode and 
its competitors to have a preliminary assessment. The linear theory and the 
extrapolation of the nonlinear theory with a fixed field profile to a very low 
field amplitude give very similar results for the same cold-cavity field profile. 
The starting current calculated with a realistic field profile differs somewhat 
from that calculated using a Gaussian field profile. Starting current curves 
calculated self-consistently, so that the electron beam infiuences the field pro- 
file are quite different from those calculated with a fixed field profile. This is 
due to the fact that the beam excites a backward wave as well as a forward 
wave and at higher magnetic fields, the backward wave becomes more impor- 
tant [128, 205]. At the highest magnetic fields, the backward wave becomes 
so important that the self-consistent solution becomes ill defined. Frequency 
pulling is also important and is never described well either by linear theory 
[117] or by perturbation theory [152]. Now let us discuss a few more param- 
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Fig. 5.1. Starting current /start as a function of magnetic field B for various modes 
with the beam radius (Re) optimized for the TEio, 4 - mode gyrotron at 140 GHz. 
Here Ub = 75 kV, a = 1.4, Re = 3.65 mm 



eters, namely, equilibrium points and rise time, which are farmed a part of 
designers glossary in addition to the starting current. 



Equilibrium Points 



An equilibrium or steady state point is defined by dP/dt = 0. As discussed 
in Chap. 4, 

P = T]{P)UI. (5.43) 

The equilibrium point is stable if 



dr] 1 

^UI’ 

P 

eq 



and unstable if 



dr] 1 

^ ^ UI' 

Peq 



(5.44) 



Rise Time of the RF Field 

The time required to reach steady state is given by integrating the power 
balance equation (see Chap. 4) 

Tc = ^ I iv{P)u I - py^ dP . 



(5.45) 
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The point at P = 0 is stable if / < I start • If / > I starts this point is unstable 
and a small (noise) power Pn causes the field to increase until a steady state 
is reached. For an estimate of the rise time, we assume ry to vary linearly with 
P as ry ~ P/UIstart- In this case 



Te ^ ^ r Istart [(/ " htart) dP 

U) J 

~ 9 . In ( 

^ I ^ start \Pn J 



(5.46) 



The factor ln(P/P^) is nearly independent of the resonator and is approx- 
imately equal to 20. For a 150 GHz gyrotron, Q/uu = 1 ns if Q = 1000 and 
Qjuj ■= 1/2 ns for Q = 500. The rise time thus depends mainly on the factor 
Istart I — Istart) • This Can be as small as 0.05 (if 1=6 A, and Igtart=0.2 A) 
or greater than 10 (if 1=6 A, and Istart=^-^ A). The result of this estimate 
is in fair agreement with that obtained by numerically integrating equation 
(5.45). 

If the starting current is very low, the assumption ttr tres is no longer 
valid. However, in most cases the rise time of the current is much longer than 
the electron transit time ttr- This means that the field follows the current 
almost instantaneously and that the rise time of the field is given by the 
current rise time. The electrons will still see an approximately constant field 
during their flight through the cavity and the above stated energy balance 
equation remains valid. In the case of high starting current, the rise times of 
the field and current can be comparable. The field cannot react fast enough 
to a change in the current. Although this may not be too much of a problem 
for CW operation, such a resonator cannot be operated in a (short) pulsed 
mode under these conditions. 

Mode competition can have a significant effect on these considerations. 
Even when the mode can start and would be stable in the absence of neigh- 
bouring modes, this is no guarantee that this remains the case when other 
modes at nearby frequencies also have a stable operating point for the same 
parameters. It turns out that if certain conditions are met, single mode op- 
eration is stable. However, for a given set of parameters, any one of several 
modes can be the stable operating mode, and typically only one of these has 
the desired high efficiency. One must then ask how to access this mode in 
a manner that ensures that it operates stably. This question is addressed in 
Chap. 4. 



5.7 Rieke Diagrams for Gyrotrons 

A diagram giving the real and imaginary parts of the reflection coefficient R 
(defined in previous chapters, see (3.32)) along contours of constant frequency 
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and output power is known as a Rieke diagram [208] . It is sometimes useful to 
consider the dependence of the reflection coefficient R on the frequency and 
output power. Since the load is not always ideally matched, some power may 
be reflected back into the resonator and it is possible that reflections from 
load can change the applicable boundary condition from R = {) to R = Ri 
(for some given Ri). Useful operation is unlikely if \Ri \ > 0.3 (corresponding 
to 10% of the power being reflected back into the resonator). 

Rieke diagrams (or their analogs) have been successfully used (as shown 
in [209]) for determining whether or not a solution to the self-consistent set 
of equations (4.16b) and (4.32) with a given value of R = Ri (usually R = 0) 
exists at all for a given set of beam parameters, magnetic held and resonator 
geometry. For this purpose, the system of equations was solved for a range 
of frequencies, the value of Pout was computed from 



Pout = ^jdARe{Ex 



— f(Zout) 

2/io; ^ 



' 2 — Zout 

df*{Zout) 

dz 



and the values of the reflection coefficients were suitably interpolated to give 
contours of constant output power. A typical view of a Rieke diagram drawn 
to study the reflections on the single mode operation of a TE 25 ,e- gyrotron 
[210] is shown in Fig. 5.3. 

From this, one observes that equifrequency lines converge on an approx- 
imately circular curve which can be interpolated as a “caustic”. Points on 
this curve correspond to small values of |/(0)|. They do not necessarily corre- 
spond to zero output power. In the case of hard excitation, they will generally 
correspond to nonzero power. There is almost always one branch of a curve 
corresponding to constant output power (even for rather high output power) 
which also lies near the “caustic”. This set of curves encloses a “hole” in 
the Re{R) — lm{R) plane. If the reflection coefficient corresponding to the 
load lies inside this “hole”, there is no solution to the set of self-consistent 
equations with the given boundary conditions. Such Rieke diagrams provide 
a quick method for determining whether or not a solution exists for the re- 
flection coefficient of interest, and to determine approximately the value of 
frequency and /(O) to which this solution corresponds. A more precise so- 
lution can then be found using the usual version of the self-consistent code 
(see Chap. 4) which solves the same set of equations subject to the boundary 
condition R = R\. 

Further, it is important to mention that the reflection coefficients shown 
in Fig. 5.3 were calculated at the resonator output. This is related to the 
reflection coefficient at the window by 



Rwin — Rr 



2i(jjLlc 
^ 1 



(5.47) 
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Fig. 5.2. RF field profile for the TE 25 , 6 - mode for: matched load (solid curve), 
6% power reflection and 0 = 0° (long dashes), 6% power reflection and 0 = 180° 
(short dashes), 6% power reflection and 0 = 90° (dots), and 6% power reflection 
and 0 = 270° (dashed-dotted) [210] 



where L is the distance from the load to the input. A variation of 2n in the 
phase of R at the window corresponds to a segment of the Rieke diagram at 
the resonator. A good account of the use of these Reike diagrams for quick 
estimation of the parameters for self-consistent calculations and estimating 
the effect of reflections from the window are given in [209-211]. 

In addition, the effect of wave reflections on the single- mode operation 
of a gyrotron can be investigated with the help of Rieke diagrams [210]. 
In long pulse operation, the frequency varies with time. This has an effect 
on the efficiency and also influences the reflection coefficient. To investigate 
this effect, one has to consider some effects of window reflection on single- 
mode operation. For this purpose, the self-consistent calculations have to 
be carried out taking into account the effect of the electron beam and the 
reflection coefficient on the frequency and RF field profile. The amplitude of 
the reflection coefficient due to a ceramic window is easily computed. The 
phase is harder to determine. 

As an example, the RF-field profiles for the TE 25 ,e-^ mode with a typical 
set of beam parameters and resonator geometry are shown in Fig. 5.2. In 
these curves, the effect of the phase of the reflection coefficient on the RF field 
profile is shown. The corresponding Rieke diagram is shown in Fig. 5.3. As also 
observed by other authors [211], there is a region where equifrequency lines 
converge and where two or more frequencies can be present simultaneously, 
for the same load characteristics. This “unstable region” occurs for |i?| slightly 
less than 0.4 and phase 0 240°. In most cases investigated numerically. 
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Fig. 5.3. Rieke diagram for the TE 25 , 6 - mode with beam energy of 78.9 keV, h = 
46.6 A, B = 6.03 T, beam radius of 8.1mm, and average velocity ratio a = 1.11. 
The equifrequency lines cover the frequency range 151.10-151.20 GHz in steps of 
10 MHz [210] 



this occurred for a phase of the reflection coefficient (j) slightly less than 270°. 
This may explain why the field profile is so strongly distorted in this region. 
For other cases, the Rieke diagram provides other information [209]. Though a 
quantitative fit to the data has not been performed, the use of Rieke diagrams 
to estimate the effect of reflection on the behavior of particular gyrotrons may 
qualitatively conclude the following [210]: 

- Power reflection back into the gyrotron cavity frequently has a significant 
effect on the RF field profile. Calculations using a fixed Gaussian field 
profile may not be as accurate as one might wish. 

- The poorly known phase of the refiection coefficient is important, even in 
single-mode approximation. The field profile, output power, and quality 
factor depend sensitively on it, even for small values of \R\. 

- Frequency pulling depends on magnetic field, beam radius, velocity ratio, 
and refiection coefficient. Its magnitude typically varies from about 50 to 
100 MHz. 

- Long line (that is the distance from the load to input) effects [209] basi- 
cally change the phase and spread out the Rieke diagram. 
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- Mode competition calculations including the dependence on the phase of 
the reflection coefficient, which will be different for each mode, will be 
computationally very expensive. However, not including it is unlikely to 
be sufficiently accurate. 




6 Electron Optical and Guiding System 



6.1 Introduction 

Electron optical and guidance systems, namely, the magnetic coils, elec- 
tron gun, and collector, are major components of a gyrotron oscillator. In 
gyrotrons, the source of electrons is frequently a magnetron injection gun 
(MIG), which produces annular electron beams having the desired beam 
properties. After passing through the interaction region and transferring en- 
ergy to the output RF beam, the spent beam is collected at the beam dump, 
generally called the collector. In conventional linear beam tubes, the external 
magnetic field is used to focus the electron beam with required beam prop- 
erties whereas in gyrotrons it is responsible for the interaction phenomenon 
as well as the guidance of the electron beam from the point of emission up 
to its collection. 

A detailed discussion of the formation, focussing and collection of elec- 
tron beams for microwave tubes is given by True [212]. Piosczyk has given 
an excellent account of the design of magnetron injection guns for gyrotron 
oscillators [213]. The basic theory of the design of helical beams has also been 
given earlier by Russian researchers [214-216]. In this chapter, our attention 
is focussed on the design of the magnetron injection gun, collector and mag- 
netic coil systems for particular gyrotrons. Similar design methodology and 
approach are also applicable to the design of electron optical and magnetic 
guidance systems of other gyro-devices. 



6.2 Magnetron Injection Gun 

6.2.1 General Remarks 

Most high power gyrotrons use magnetron injection guns (MIGs), which pro- 
duce annular electron beams in which electrons execute small cyclotron orbits 
at a frequency required for cyclotron resonance interaction in a gyrotron. For 
good interaction efficiency, the perpendicular velocity component should be 
as large as possible. A spread in perpendicular velocity results in a spread 
in axial velocity, and should be kept as small as possible. The cathodes used 
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Fig. 6.1. Schematic of a Magnetron Injection Gun (MIG) 



in magnetron injection guns for gyrotrons are operated under temperature- 
limited regime rather than in space-charge-limited to minimize the velocity 
spread in the beam [217]. 

A MIG is placed in an axially symmetric magnetic field at a magnetic field 
strength determined by the compression ratio. The electrons are extracted 
from a heatable conical emitting ring on the cathode. The beam current can 
be varied by adjusting the cathode temperature. The initial electron motion 
occurs in crossed electric and magnetic fields so that the electrons follow he- 
lical trajectories around the magnetic field lines. The anode accelerates the 
beam to the final beam energy. Sometimes a modulation anode is also em- 
ployed (triode type MIG); this has an additional control over the electric field 
perpendicular to the cathode. Downstream from the gun the magnetic field 
increases smoothly in a magnetic compression region to the required peak 
value in the interaction region. The electrons emitted from the emitter surface 
follow the magnetic fiux lines on helical orbits and drift towards the cavity 
region. The magnetic field compression reduces the radius (and thickness) of 
the beam and results in an increase of the velocity component perpendicular 
to the magnetic field. Since the total energy is constant, the drift velocity is 
correspondingly reduced. We have profited from the experience obtained in 
the extensive design studies of MiG’s that have been presented previously, 
for example in [213, 218-221]. A schematic of MIG is shown in Fig. 6.1. 

Electron guns are usually designed with the help of a trajectory program 
such as EGUN [222], BFCRAY [223, 224], DAPHNE [225] or EPOSR [226]. 
The design is facilitated by determining the initial design following analyt- 
ical expressions of Baird and Lawson [227] (very similar expressions were 
derived much earlier by Russians, but this work is not readily available in 
the western literature), and then carrying out the design optimisation using 
any available trajectory program. Such a code computes a solution of Pois- 
son’s equation on a two-dimensional mesh covering the gun’s cross-sectional 
area. The boundary of the gun is determined partly by electrodes at various 
potentials (Dirichlet boundaries) connected by appropriate segments with 
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Neumann boundary conditions. The space charge of the beam is modelled 
by integrating a selected number of electron trajectories from the cathode 
through the acceleration region of the gun and calculating the resulting space 
charge at each mesh point along the trajectories. The process of solving for 
the potentials on the mesh, then determining the electron trajectories is it- 
erated until a self-consistent steady-state solution is obtained. This method 
is fairly reliable and the design of any gun is always tested and adjusted to 
its final form using such a code. 

The codes calculate the contribution to velocity spread from beam optics 
and space charge. Some other sources can be estimated: 

- surface roughness 

- thermal spread in initial velocity 

- nonuniform emission 

- small departures from azimuthal symmetry 

- beam instabilities. 

The first two sources add about 5% to the calculated velocity spread. Some 
effects which can affect gun performance but are not always included, are ini- 
tial velocities of the emitted electrons and irregularity of the emitter surface. 
The effect of surface roughness on velocity spread, and hence on beam quality, 
seems to be rather well described by adding its contribution quadratically to 
that due to beam optics (see [218, 228]). The effect of initial velocities has also 
been investigated by [218, 229]. Edgcombe, among others, has also demon- 
strated the importance of computing the space charge fields in the vicinity 
of the emitter surface accurately. The other sources of velocity spread re- 
quire more sophisticated analysis and will not be considered here (see, for 
example, [230]). 

Experimentally determined beam parameters are frequently in fair agree- 
ment with the results of a simulation based on ray tracing [215], but some 
effects are difficult to explain in the framework of such codes [230]. These 
include: 

- The velocity spread is sometimes much larger than the calculated velocity 
spread. 

- Large values of the velocity ratio a, when specified in the design, are 
frequently unattainable in practice. The limiting values correlate with 
the velocity spread. 

- Sometimes electrons are refiected at a magnetic mirror in the region of 
increasing magnetic field; trapping of these particles leads to an increase 
of spread and decrease in the limiting value of a [219]. 

- Intense quasi-periodic oscillations in the frequency range 10-1000 MHz are 
sometimes observed at large beam currents. In such cases and for large 
pulse lengths a difficult-to-control growth of the emission current appears 
that leads ultimately to a failure of the operating regime of the gyrotron. 
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One knows that there are effects which may play a role in gun performance 
which are not modelled well by a trajectory code. For example, the enhanced 
velocity spread due to the non-uniform axial space charge field which arises 
from gyromotion of the electrons in the drift region, where the magnetic field 
is increasing, probably requires a fully self-consistent calculation with a large 
number of simulation electrons, and finer mesh spacing, than is convenient 
using some of the older codes. And, of course, nonstationary processes cannot 
be simulated at all. 



6.2.2 Preliminary Design 

From the resonator design calculations, one has information about the re- 
quirements concerning magnetic field and beam properties in the cavity re- 
gion, cavity radius and beam radius. By making use of Baird’s trade-off ex- 
pressions [227] or an electrode synthesis program [214, 231, 232], one com- 
putes the gun design parameters in adiabatic approximation, taking into 
account the technical and physical constraints, namely, emitter radius, emit- 
ter current density, space charge ratio, cathode to anode distance, etc. Some 
of these relations are given below. Under adiabatic approximation, the elec- 
tron motion in crossed electric and magnetic fields can be separated into a 
gyrating motion of the electrons (with Larmor radius vl and cyclotron fre- 
quency Uc) and a drift of their guiding centers. This adiabatic approximation 
is valid if the variations in the electric and magnetic fields are rather small 
at dimensions characteristic for the electron trajectories [213]. 

The initial design establishes the main gun parameters such as cathode ra- 
dius (average), cathode-anode spacing, emitter current density, electric field 
at the cathode, and the cathode slant angle to the required beam proper- 
ties. In a second, more important step, simulation codes are used for a final 
optimisation of the shape of the electrodes, as discussed above. Use of these 
codes permits an examination of the dependence of the beam properties on 
the operating parameters. 



Trade-off and Initial Design Expressions 



The most important parameters for the gun design are given here. Some 
parameters are fixed from optimization of the interaction: 

- Electron energy Ub and relativistic mass factor: 



7o = 1 + 



Ub 

511 kV 



1 

V^-01o-0'io' 



( 6 . 1 ) 



Beam power C/oA, where Uq is the accelerating voltage and Ib is the total 
beam current. 
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- Voltage depression: Due to the space charge in the beam, the potential 
within the beam is reduced with respect to the cavity wall. In a conven- 
tional hollow cavity, the voltage depression is given by 



AUb = Uo-Ub = 



QOOIb Rq 



( 6 . 2 ) 



and in the case of a coaxial cavity having insert radius Ri^ it is given 
by [233] 



AUb = Uo-Ub^ 



60f2Ib j Ro ln{Re/Ri) 

(3zo Reln{Ro/Ri)' 



(6.3) 



where ?7o is the accelerating voltage. The cavity radius Rq and average 
radius of guiding centers at interaction Re are given by Rq = ^ and 

where Xmq is the ^th root of J^{x) and A is the 
free space wavelength. In general, the co-rot at ing mode (with the lower 
sign) is chosen, since this provides better coupling of the beam to the RF- 
field. Nevertheless, the voltage depression as a practical design constraint 
for the design of gyrotrons is discussed in detail in the previous chapter. 

- Optimum cyclotron frequency: 



UJc 



eBp 

rriejo 



(6.4) 



- Larmor radius at interaction: 



rw 



v±o 

UJc 



1.705 mm x 



7o/^±o 
R(T) • 



- Velocity ratio: 



^_L0 

a = . 



(6.5) 



( 6 . 6 ) 



- The radial thickness of the beam at interaction should not exceed A/8 + 
2rLo- 



The other parameters should be chosen to provide the above beam parameters 
with minimal velocity spread. These include: 



- Compression ratio: 



b 



Bo 

Be' 



(6.7) 



- Emitter Radius: From Busch’s theorem, the cathode radius is related to 
the beam radius (in paraxial approximation) by 

i?c \/5i?e (b-8) 

and the emitter radius thickness can be estimated from 

ARc = VbARe . 



(6.9) 
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Emitter Length: Simple geometry determines the emitter length Ig from 
total current 

h = (2'KRcls)Jc. (6.10) 

where 0c is the cathode slant angle and Jc is the cathode current density, 
note that (also) 

ARc = /s sin 0c- (6.11) 



- Cathode electric field: A first estimate of the required cathode electric 
field Ec can be obtained from 



lov±o 



= Vine 






VbE, cos 0c 



and this requires 



Ec cos 0c 



So7o^^±o 

63/2 



( 6 . 12 ) 



(6.13) 



- Cathode-anode spacing; The cathode-anode spacing (d) is given by 



cos 0c 



(6.14) 



where Dp the cathode-anode spacing factor (select Dp > 2) and /x is 
the Tsimring cylindricity parameter (= 1 /\/(^^oAlo)^ - 1 and Vgo is the 
guiding center radius at the RF interaction region). 



6.2.3 Codes for the Design of MIGs 

The design of a gun requires the use of numerical simulation in rather compli- 
cated geometries with nonuniform magnetic fields. Analytical estimates, such 
as given by Baird and Lawson [227], or by electrode synthesis [214, 231, 232], 
are not sufficient for accurate calculation of the beam properties. 

Numerical simulation of gyrotron guns requires the calculation of the 
electric field produced by the voltages applied to the electrodes plus the 
space charge produced by the beam as a result of its motion in the applied 
electric and magnetic fields. Most codes compute a self-consistent solution 
of Poisson’s equation on a two dimensional mesh covering the gun’s cross 
sectional area. The boundary of the gun is determined partly by electrodes at 
various potentials (Dirichlet boundaries) connected together by appropriate 
segments with Neumann boundary conditions. This part of the calculation is 
the so-called field solver. 

The space charge of the beam is modelled by integrating a selected number 
of electron trajectories from the cathode through the acceleration region of 
the gun and calculating the resulting space charge at each mesh point along 
the trajectories. The trajectory calculation involves solving the relativistic 
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equation of motion for the electrons in the given electric and magnetic fields 
(particle pusher) and then assigning the resulting space charge and current 
density to the grid points. In order to solve the equation of motion, the 
particles must also be localized and the fields interpolated from the grid 
points to the particle position. 

For trajectory, or ray tracing codes, the solution process of solving for 
the potentials on the mesh, then determining the electron trajectories is it- 
erated until a self-consistent steady-state solution is obtained. By contrast, 
the particle-in-cell (PIC) method solves the field equations after every few 
particle pushing time steps (i.e., subcycling, see [147]). For a truly steady 
state situation, the final results obtained with both methods should be quite 
similar. Examples are: The BFCRAY code is in fact a modification of the 
BFCPIC code. It was modified to a ray tracing version, BFCRAY, in order 
to reduce the computational effort to a level suitable for gun design work, 
as described in [223]. An extension of the EPOSR code to a particle-in-cell 
version has been described in [230]. 

The PIC method is required to simulate the effect of reflected and trapped 
electrons and possible secondary emission from the cathode. Beam instabil- 
ities cannot be simulated any other way. One should keep in mind that a 
well-designed gun will provide a beam that is substantially free of such prob- 
lems. Although MIG guns are usually operated in the temperature-limited 
regime, as described here, it is sometimes useful to consider space charge 
limited emission. The numerical modelling of space-charge-limited emission 
has been discussed in [314] and references therein. See also [230]. 

6.2.4 Design Procedure of MIGs 

Before describing the design procedure for specific MIGs, we summarize the 
most important basic gun and beam flow types: 

- Depending on the type of interaction cavity, MIGs are broadly divided into 
two catagories. One is an ordinary MIG which is used in most of the gyro- 
devices without a coaxial insert and the second one is the inverse MIG 
(IMIG) or coaxial MIG (CMIG) which is employed in coaxial gyrotrons 
and in similar devices with a coaxial insert. 

- Based on the number of anodes, MIGs are of two types. One is a diode 
type and the second one is a triode MIG. A diode type configuration 
is generally preferred if one is able to achieve the desired beam quality 
and parameters since it involves less technical complexity (in particular, 
the power supply is usually simpler). A triode type configuration has an 
additional anode (modulation anode) to provide a better control over the 
beam properties (for instance, beam velocity ratio a) but obviously at the 
cost of an extra power supply and associated technical complexities. 

- The initial velocity of the electrons as they are emitted from the cathode 
surface is determined to a large extent by the E x B drift (in the 4> 
direction) at the cathode surface. This is given by 
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Table 6.1. Schematic of the design procedure of MIGs 



Nominal beam parameters from design goals 

Decision of gun type : Diode or Triode 
(depends on necessity and technological limits) 

Initial design from trade-off expressions 
(or synthesis codes to give 
preliminary electrode shapes, etc.) 

Design analysis using established computer codes 
(any electron trajectory code) 

Diagnostics of simulation and design optimization 
(done iteratively to reach design goals using the design codes) 

Final beam parameters to be used in interaction computation 



Pcf> = 



Ec cos (j)EB 
cBc 



(6.15) 



where 0 eb is the angle between the electric field and the magnetic field 
at the cathode surface. 0 eb = 0c + 0b where 0c is the tilt angle of the 
emitter and 0 b is the angle between the magnetic field and the z-axis at 
the emitter surface. In view of the gun topology, that is, 0 eb? the electron 
beams in MIGs are classified as follows: 

1. regularly intersecting electron beams 
(non-laminar type) — > 10° < (j)EB < 15° 

2. boundary beams — > 17° < (pEB < 22° 

3. laminar beams — > 25° < (pEB- 

In most of the Russian literature mentioned above, the angle 0eb is in- 
terpreted as the angle between the magnetic field and emitter surface. 
The basic types of beam flow depending upon the topology of the gun is 
discussed in detail in these works. A matter of practical experience from 
these works suggest the electron flow at general design nominal conditions 
is of “boundary beam” type which means a flow intermediate between 
non-laminar and quasi-laminar type. 



MIG Design Procedure 

In the design of MIGs, one can get initial design parameters from trade- 
off expressions shown in the previous section or from any suitable electrode 
synthesis procedure [231, 232]. Later numerical codes as mentioned above 
are used to optimize the electrode shapes and other gun parameters for the 
desired electron optical system and beam properties. The basic steps involved 
in the design procedure of MIGs are shown schematically in Table 6.1. 

For optimization of the gun design for a specific case and to understand 
various dependencies of beam properties on governing parameters (namely. 
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Fig. 6.3. Typical electron trajectory plot {Uo = 81keV, Ib = 40 A, B = 5.56 T, 
and b — 24) 

beam energy, current, magnetic field, gun geometry, etc.), a number of di- 
agnostics of the simulation are possible. As an example, we show here some 
calculations of a typical diode gun for a TE28,s mode 140 GHz gyrotron [234]. 
Figure 6.2 shows the boundary fitted grid used for calculations with BFCRAY 
using a 385x65 grid. Figure 6.3 shows typical electron trajectories of such a 
gun. 

Figures 6.4-6. 7 show some typical emission plots for various beam pa- 
rameters. These are plots that give the beam properties as a function of the 
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z (mm) 

Fig. 6.4. Electric field at the emitter (for dashed line h = 0 A and for solid line 
76 = 40 A; (7o = 81kV) 



point of emission. Such emission plots provide excellent diagnostics of the 
simulation for the electron optical system and its optimization. From these 
plots and other information, one can adjust the beam current, accelerating 
voltage, anode spacing, and axial alignment to obtain an optimized set of gun 
parameters. In addition to data for these plots, the computer codes provide 
all the required beam properties at the nominal operating conditions as data 
output for the purpose of analysis. 



6.3 Beam Guidance 

Most of the gyrotrons and its variants employ solenoids (either super- 
conducting or normal conducting coils) to provide the necessary magnetic 
field for beam guidance from the cathode through the interaction region up 
to the collector. The magnetic field lines guide the passage and exit of the 
electrons. A current carrying loop produces a magnetic field (Ampere’s law) 
which forms the basis for the design of solenoids. Analytically, the magnetic 
field due to this current loop may well be expressed in terms of (1) Legendre 
polynomials, (2) complete elliptic integrals, or (3) series expansion of their 
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Fig. 6.7. /3j_ as a function of point of emission for various shifts of coils relative to 
the emitter {Uo = 80 kV and h = 40 A) 



on-axis values [235] . The method of Legendre polynomials give poor conver- 
gence. The other two methods can provide fairly accurate description of the 
on and off axis magnetic fields. 

By making use of the complete elliptic integrals K{m) and E{m), the field 
due to a current loop may be expressed as follows [235]: 



Bz{r,z) = Ml 



Ti — — {z\ — zY‘ 

(ri - r)2 + [zi - zY 



• E{m) -h K{m) 



■ {{ri + rf + [zi - zf] , 



(6.16) 



Br{r^ z) — Ml 



zi — z 



r 



ri -f- + {zi - zY 

(ri - r)2 -h {zi - 2^)2 



• E{m) — K{m) 



■ {{ri + rf + {zi - zY} , 



(6.17) 



where Bz and Br are the axial and radial components of the magnetic field 
respectively at (r, z) due to a coil of strength Mi = fJioI/ 2 tx centered at 
(ri, 2 :i). K{m) and E{m) are complete elliptic integrals with argument m 
given by 



4rri 

[(ri + r)2 + [zi - z)^] 



(6.18) 



Similarly, the off axis field components may be expressed in terms of their 
on-axis values as series expansion as follows [235]: 
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Bz{r,z) = B^{0,z) - jB"(0,z) + ^b'''\o,z) 

j,2n 

+ (-')" («■“>) 

3 

Br{r,z) = - '^-B {{i,z) +^—B" {0,z) 

^2n-l 

+ (e.20) 

Here the primes denote differentiation with respect to The series expansion 
is only accurate for radii small compared to the inner radius of the coil. 

By making use of one of the above two sets of analytical expressions 
(6.16)-(6.20), one can compute the on and off axis magnetic fields due to a 
current carrying loop. The actual fields are then the sum of the fields due to 
several such loops in a set of solenoids. The basic inputs to compute the fields 
are the coil geometry (width and breadth), coil location (axial and radial), 
coil currents and the number of turns in the coil. 

Several commercially available codes (as cited in [212]) are available which 
could also provide the required magnetic field data to be used in the MIG de- 
sign codes. However, most of the computer codes for the design of magnetron 
injection guns (discussed in the previous section) have incorporated internal 
routines for the calculation of the magnetic fields. As a typical example, the 
axial magnetic field due to a set of solenoids for a 140 GHz gyrotron along 
with gun geometry and coil positions are shown in Fig. 6.8 [236]. 



Magnetic System 




Fig. 6.8. Axial magnetic field with coils and gun geometry [236] 




116 6 Electron Optics and Guidance 



A knowledge of magnetic field profile from the coil design should also 

provide the following information, in addition to the field data: 

- To estimate the location of the beam dump and size of the collector (from 
axial and radial fiux lines). In addition, it is used for the determination 
of the addition of extra gun and collector coils. 

- To estimate the diameter of the quasi-optical output coupler, if this is to 
be included. 

- To calculate, roughly, the length of the tube (from a pre-determined 
knowledge of the positions of the emitter, cavity center region and collec- 
tor position). 



6.4 Beam Dump-Collecting System 

6.4.1 General Remarks 

In gyrotrons and similar devices, the energy of the electrons after participat- 
ing in the interaction process is dissipated on the walls of the collecting sur- 
face. In most applications, the overall efficiency of gyrotrons is of paramount 
interest since it will considerably influence the power and cooling system re- 
quirements. To increase the efficiency, one should design and build gyrotrons 
with a suitable energy recovery system, namely, depressed collectors. Efforts 
have been made on the theoretical front [237-241] to increase the overall effi- 
ciency of gyrotrons by employing a depressed collector system as it is used in 
conventional microwave power sources [242-245]. Single-stage depressed col- 
lectors (SDCs) have been successfully used in gyrotrons increasing the overall 
efficiency to above 50% [246-248] . Although these experiments are limited to 
single-stage operation, they prove to be sufficient and efficient for the require- 
ments of gyrotrons and promising in enhancing the efficiency in addition to 
reducing the power loading and X-ray generation at the collector surface, as 
well as the possibility of using less costly high voltage power supplies. 

The major technological limit in the implementation of multi-stage de- 
pressed collectors (MDGs) for gyrotrons is the outer radius of the collector 
system and its axial extent. According to the work of Singh [237, 238], the 
magnetic field requirement at the collecting end must be typically between 
50 to 20 Gauss. For instance, if we allow a magnetic field line of 5.4 T in the 
interaction region at 8 mm to fall to the desired 20 Gauss, we have to search 
at a radial location around 450 mm. Since the electron trajectories follow the 
field lines, one has to accept a very large collecting system. Therefore, we may 
require a collecting system with very large diameter and length for energy 
recovery. This problem can conveniently be alleviated by non-adiabatic mag- 
netic decompression of the electron beam in the collector region by means of 
additional collector coils or other means, such as coaxially inserted solenio- 
dal coils or by ferromagnetic insertions (see, for instance, [249, 250] and the 
references therein). 
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6.4.2 Theory of Depressed Collectors 



In depressed collectors, the kinetic energy remaining in the spent beam is 
partially converted into electrical (potential) energy to reduce the power con- 
sumption of the high power device. To collect the spent energy on the collector 
walls, one has to depress the potential of the collecting surfaces with respect 
to the anode potential so that beam energy is recovered; this is the reason 
for the name depressed collectors. The figure of merit of a depressed collector 
is its efficiency (rjcoii) which is defined as the ratio of the power recovered to 
the power fed to it (that is the power remaining after RF interaction) and is 



given by 



^coll 

^coll p p 7 

— ^RF 



( 6 . 21 ) 



where Pcoii is the power recovered by the depressed collector system, P 5 
the total incident beam power and Prf the generated RF power. There- 
fore, the power remaining in the spent beam after the interaction is equal to 
(Pfe — Prf)’ For a single stage depressed collector, Pcoii = Ucoii * I coil where 
Ucoii is the applied collector voltage and Icoii the collector current. Now the 
total efficiency of the tube with depressed collector system is given by 



[1 'Hcolli^ Vel)] {Pb Pbrec) 



where rjei = PRrjPb is the electronic efficiency, and r\coii — Pbred Pbcav is 
the efficiency of the depressed collector (as given in equation ( 6 . 21)). The RF 
losses inside the tube (ohmic losses and stray radiation) are described by 
the ratio Sout — Pout I Prf where the generated RF power is Prf and the 
RF output power is Pout’ Pbcav = {Pb — Prf) is the remaining beam power 
after RF interaction and Pbrec = {Pbcav ~ Pbdis) is the part of the beam 
power recovered by the depressed collector and Pbdis is the power finally dis- 
sipated in the collector walls. The output efficiency without energy recovery 
and with a depressed collector is given by rjout = ^out • ^eZ- Typically, the 
internal RF losses are between 3-10% corresponding to £:out = 0.97-0.90%. 
The efficiency of the depressed collector can be increased by using more col- 
lector stages. It has been estimated that the total efficiency of a high power 
gyrotron can be improved from around 31% to 51% with a single stage de- 
pressed collector [248]. After the first stage, the total efficiency is estimated 
to be increased by around 4% per additional collector stage. However, such 
a high efficiency (> 55%) is not a necessary operational requirement in the 
case of high power gyrotrons. Moreover, multi-stage depressed collectors pose 
significant technological complexities when compared with the gain in the ef- 
ficiency enhancement achieved. 

A typical electrical setup employed in gyrotrons with a single-stage de- 
pressed collecting system is shown in Fig. 6.9 [248]. Here, experiments could 
be performed with a given set of operating parameters (namely, beam current 
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cathode 



Fig. 6.9. Typical electrical setup used in the experiments for a single-stage de- 
pressed collector system for gyrotrons. The broken line on the left side indicates an 
equivalent arrangement with power supplies [248] 

/b, beam voltage Ub, modulation anode voltage Umod^ and magnetic field dis- 
tribution B{z)) to measure the collector current /coih collector voltage UcoW 
and RF output power Pout- From this set up, the beam current is given by 
= /coll + ^body Here, instead of using an additional power supply, the neg- 
ative collector potential C/coii is obtained with a variable high voltage resistor 
with Pcoii ~ 2kfi. /body in general is very low (< 0.1% of Z^) which reduces 
the requirement on the body power supply. An equivalent electrical set up 
that is used for operation with power supplies is indicated with broken lines 
on the left side of the Fig. 6.9. 

6.4.3 Magnetic Decompression 

We have seen that in gyrotrons, the electron beam is guided by the external 
magnetic field. In adiabatic magnetic decompression, the magnetic field is 
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reduced sufficiently slowly to allow a decrease of the transverse momentum 
p_L of the electrons with decreasing magnetic field according to the adiabatic 
approximation of motion [251]. Following Busch’s theorem, the guiding cen- 
ters of the electron beam trajectories, independently of the electron energy, 
follow a path along a constant magnetic fiux surface with the enclosed flux 
given by 

pRe{z) 

Mz) = 7T / B^{z,r)rdr 
Jo 

= irR^Bcav — constant (under paraxial conditions) , (6.23) 

where Bz{z^r) is the axial magnetic field. Re and Bcav are beam radius and 
magnetic field at the position of the cavity z = Zcav • The possible deviation of 
the electrons transverse from the constant flux surface is given by the Larmor 
radius vl (see equation(6.5)). 

In the non-relativistic approximation the maximum Larmor radius of an 
electron with kinetic energy E}j is given by 

VLmax ^ 0.11 mm X [i;b(keV)]'/" /B{T) . (6.24) 



Typically, in a magnetic field of 0.01 T, the maximum Larmor radii are 
between 59 and 110 mm for electrons with energies from 30 to 100 keV (a 
typical energy distribution in the case of high power gyrotrons) . 

If the magnetic decompression is performed naturally (that is adiabati- 
cally) with the decaying stray fields of the main magnetic coils, then accord- 
ing to equation (6.23), the beam radius in the collector region has to be very 
large in order to keep the peak wall loading within the technological limits 
(< 0.5 kW/cm^) on the collector surface. Busch’s theorem determines the 
beam radius Re and the radial width ARe of the hollow electron beam in the 
collector region given by [252] 




(6.25a) 

(6.25b) 



In this case Recoil and ARecoii have the same dependence of the magnetic 
field. Typically, for a 2 MW, TE 3 i,i 7 , 165 GHz coaxial cavity gyrotron with 
Re = 9.41mm and Bcav — 6.6 T, i?ecoii == 480 mm for B^coii = 0.01 T, and 
^ecoii = 680 mm for B^coii — 0.005 T, respectively. A collector with such 
parameters is possible only for very large collector diameters exceeding the 
technologically feasible limits. 

This problem can be conveniently solved by the non-adiabatic magnetic 
decompression of the hollow electron beam. One has to make a note that in 
adiabatic motion: the magnetic momentum is conserved; the transverse mo- 
mentum (p_l) decreases with the magnetic field as p± oc y^H(z), the Larmor 
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radius is small, and the radial beam width incident on the collector surface 
(ARecoii) is small. For a collector with a given radius Recoiu the power den- 
sity on the walls can only be modified by varying the axial beam width of 
the electrons incident on the walls given by [252] 



^^coll — 



'^-Recoil 
sin (pcoW 



(6.26) 



where 0coii is the angle of incidence between the beam and the collector 
surface. Therefore, to decrease the power density on the collector surface 
walls, one has to increase the width of the beam incident on the collector 
surface. 

The width of the beam can be increased by properly tapering the collector 
radius or by using a non-adiabatic decompression method. In this case, part 
of the longitudinal momentum of the electron is converted into a transverse 
motion resulting in an increase of the Larmor radius. This can be achieved 
by suitably tailoring the magnetic field lines with the help of additional coils 
or ferromagnetic insertions (or conventionally termed pole pieces) [237-241, 
249, 250]. According to [252], the instantaneous surface power density can be 
decreased by non-adiabatic motion and then the radial width ARecoii can be 
increased significantly up to twice the Larmor radius since tl oc 1/B. 



6.4.4 Design of Depressed Collectors for Gyrotrons 

The basic steps involved in the design of an efficient depressed collector sys- 
tem for high power gyrotrons is shown schematically in Table 6.2. As a typical 
example, the design of a single-stage depressed collector system with coaxial 
collector coils is considered [250, 252]. In the design of a depressed collector 
system, one first has to prepare electron beamlets with an energy distribution 
representing the true energy distribution of the beam after RF interaction. 
The energy dispersion of the beam after RF interaction for the present case 
of a 2 MW coaxial gyrotron is shown in Fig. 6.10. 

In general 80-200 beamlets are sufficient to represent the true energy 
distribution. With realistic beamlet information generated from the energy 
dispersion, EGUN (or any equivalent code) is run in steps from the output 
end of the cavity to the entrance of the collector domain. In each step the 
beamlet information from the preceding run is fed to the following run. Fi- 
nally, by making use of the stored beamlet information at the entrance of 
the collector, the trajectory code is run in the collector domain with vari- 
ous collector shapes and collector potentials until technological constraints 
are fulfilled with minimized reflections and scattering problems. Figure 6.11 
shows the geometry of the collector with coaxial collector coils resulting from 
the design presented in [250]. The electron trajectories in the collector do- 
main are shown in Fig. 6.12. In this collector configuration, additional coils 
are used inside the coaxial portion of the collector domain. 
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Table 6.2. Schematic of the design procedure of collectors for gyrotrons 

Energy dispersion from interaction computation 
Preparation of realistic beamlets from energy dispersion 

Decision for the number of collector stages 
(depends on necessity, technological limits and economics) 

Decision to employ additional coils or inserts 
(for magnetic decompression to reduce the collector size) 

Design analysis with realistic beamlet information 
(with available electron trajectory codes) 

Design optimization 

(for single-stage collectors until desired wall loading) 

(for multi-stage collectors by changing the electrode shapes and potentials) 




beam energy /keV 

Fig. 6.10. Energy dispersion of the electron beam after RE interaction as taken 
for the design calculations [252] 

In addition, calculations are performed to estimate the effect of secondary 
electrons (discussed in the next section). The calculated trajectories of the 
secondary electrons for the present example of single-stage depressed collec- 
tor is shown in Fig. 6.13. In total 100 beamlets have been taken to simulate 
this process using the EGUN code. 50 beamlets for elastically scattered sec- 
ondaries (0sec = 0ms 7 Esec = Einc) ^nd 50 beamlets for non-elastically 
scattered secondaries {(psec is aribitrary, Egec < ^mc)- Since the number of 
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136 cm 




Fig. 6.11. Schematic view of the 2.2 MW single-stage depressed collector with 
coaxially inserted collector coils [250] 
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Fig. 6.12. The potential lines and electron trajectories for the top and bottom 
beam position [250] 



secondary electrons depends on different parameters, such as material sur- 
face, energy, angle of incidence, etc., the results are of a rather qualitative 
nature. They allow to determine loading on the insert and collector walls due 
to secondary electrons and to estimate the number of backscattered electrons 
moving towards the interaction region. The sophisticated codes of Singh [240] 
could handle the effect of secondaries more accurately. 

In addition, one may add additional sweeping coils to reduce the power 
density on the collector walls. These additional sweeping coils avoid the single 
spot incidence of the electron beam on the collector surface and reduce power 
density on the wall. The sweep frequency is limited by the skin effect in the 
collector walls and is given by [253] 
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Fig. 6.13. Potential lines and trajectories of secondary electrons (both elastically 
and non-elastically scattered) [250] for primaries shown in Fig. 6.12 



Here a is the conductivity of the collector wall material and dc its thick- 
ness. Generally, for a collector made of copper with cr = 59 mfi“^mm~^, 
dc = 10 mm, the sweep frequency is around 10-15 Hz because of the skin 
effect. However, the magnetic induction of these sweeping coils should be low, 
of the order around 0.01-0.05 T [253]. 

According to a one dimensional model for heat transport, the temperature 
increase AT of a surface exposed to the power Pwaii is given by [184, 250, 252] 



AT ^ 0.82 X P^aii ^ 

0.32 X Pyjall (W/cm^) X sec) for copper . 



(6.28a) 

(6.28b) 



Here, Pwaii is the surface power loading, r is the time of exposure with 
^wain A is the heat conduction coefficient, and p is the specific heat capacity. 
From this mode l[184], the characteristic length of heat diffusion in copper is 
5i/e — 15 X Y^r(sec). From equation (6.28a), the amplitude of temperature 
oscillations ZlTmax due to beam sweeping decreases as the square root of 

/sweep US 
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6.4.5 Some General Remarks 

The basic steps that have to be dealt in the design of depressed collectors, 
particularly of multi-stage type, are (i) sorting of electrons according to their 
energies, and (ii) avoiding a flow of secondary and reflected electrons. Let us 
now discuss these problems individually. 

Sorting of Electrons 

After the RF interaction the electron beam has a wide energy dispersion. In 
efficient gyrotrons the energy distribution covers typically an energy range 
of about 35-140% of the incident electron beam energy. For an efficient de- 
pressed collector system, it is necessary to spatially separate the trajectories 
of electrons with different energies. Since in gyrotron devices the magnetic 
field distribution has a strong influence on the electron motion, the sorting 
of the electrons according to their energies always requires a careful shaping 
of the magnetic field lines in the collector domain. In conventional TWTs 
[242-244] , multi-stage systems with more than 5 stages have been used with 
high efficiency. Compared to the TWTs, the high energy dispersion due to 
the efficient beam-RF interaction makes the sorting of the electrons much 
more difficult in the case of gyrotrons. So far, single-stage depressed col- 
lectors have been used in gyrotrons when a depressed collector was used 
at all. However, a further improvement of the collector and total efficiency 
could be achieved with multi-stage depression provided one can handle the 
technological problems such as complex shapes of tilted electrodes, ceramics, 
mechanical fabrication, and brazing cycles of such parts, etc. In some con- 
ventional microwave tubes, a magnetic refocusing system is employed in the 
collector region to sort out the electrons and to improve the efficiency of such 
a system. 

Secondary and Reflected Electrons 

When electrons hit a surface, secondary electrons are emitted with a certain 
probability depending on the surface material and on the energy and angle 
of the incident electrons. The secondary electrons can be divided mainly 
into two population types, namely the “true” secondaries with an energy 
of about Etrue < 50 eV and the so-called “backscattered” electrons with 
an energy close to the energy of the primary electrons [254]. The “true” 
secondaries leave the surface isotropically, the “backscattered” electrons are 
reflected quasi-elastically at the surface. The secondary electron emission 
coefficient defined as the ratio of the secondary to the primary electrons 
depends on the material properties and on the energy of the primaries [245] . 

These secondary electrons may create a serious problem mainly in multi- 
stage depressed collectors and they may reduce the overall efficiency of the 
collecting system. A flow of the secondaries between the electrodes of the 
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depressed collector has to be reduced as much as possible. The best way to 
deal with such secondaries is (a) to take care of the proper material selection 
for the collectors (low secondary emission coefficient), and (b) choice of elec- 
trode shapes and the potential distribution so that the emitted secondaries 
will always face a negative potential well. Depending on the retarding po- 
tential of the collector electrodes and the energy distribution of the beam, 
part of the electrons may be reflected towards the cavity and may become 
trapped between the collector and the negative gun potential [248]. These 
electrons which are traveling through the cavity may influence the RF gen- 
eration. Therefore, according to the experimental results obtained in [248], 
its value should not exceed a few percent (< 5%) of the beam current. For 
a given energy distribution, these reflected electrons have an influence on 
the choice of the retarding potential values of the electrodes. An easy way 
to avoid this is to simply limit the retarding potential to a value where this 
does not occur (typically eU^ep < F’kin-min)- 
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7.1 General Remarks 

In gyrotrons, the output system consists of an output taper which connects 
the interaction region with the main waveguide system, a quasi-optical mode 
converter (in the case of the radial output coupling) and the RF vacuum 
window. In the case of the axial extraction of power, the window is fixed at 
an appropriate axial location in the main waveguide after the taper section. 
In the case of the radial extraction of power, the regular waveguide section 
after the taper is transformed into a quasi-optical mode converter to convert 
the RF power in the waveguide modes to a Gaussian beam followed by an ap- 
propriate mirror system for beam focussing and necessary phase corrections. 
In this case, a radially located RF window is used to extract output power. 
The high ohmic attenuation and low power handling capability of standard 
metallic waveguides supporting the fundamental mode are prohibitive for 
the transmission and output section of gyrotrons and their variants in the 
systems. Thus, in order to design low attenuation high power waveguides, 
oversized or overmoded structures are preferred. Electron cyclotron emission 
(ECE) and microwave refiectometry plasma diagnostics also employ such low 
loss oversized transmission lines. 

High power millimeter wave sources such as gyro-devices operate in higher 
order modes of circular waveguides. For interfaces of these devices to high 
power microwave transmission lines operating with waves with simple field 
structures, for feeding of gyro- and Cherenkov amplifiers as well as for low 
power (“cold-test”) measurements of electrodynamic circuits of such high 
power tubes, mode converters for high order modes are required. The appro- 
priate mode conversion and transmission technology is mostly determined by 
the output mode and power of the source and by its frequency. In high power 
mm-wave systems, long distance transmission from the source to the load 
with very low ohmic attenuation and high mode purity can be accomplished 
by the following methods: 

1. Closed, highly overmoded smooth- wall circular waveguides propagating 
a TEon mode (preferably TEqi). 

2. Closed, highly oversized, circumferentially corrugated or dielectrically 
coated smooth walled circular HEn mode waveguides. 
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3. Open, quasi-optical (q.o.) transmission of a Gaussian beam (TEMqo 
mode) using focusing metallic mirrors as phase-correcting elements. 

The first method is adapted for high power mm-wave systems employing 
TEon mode gyrotrons with output power up to 200 kW and external wave- 
guide mode converters or external quasi-optical mode transducing antenna ra- 
diators to produce a pencil beam with well defined direction and polarization. 
Such waveguides are employed in ECRH installations and in technological gy- 
rotron systems for materials processing. The second and third methods are 
appropriate for ECRH complexes composed of 500 kW (or higher) gyrotron 
oscillators, for example TEmn mode gyrotrons with built in quasi-optical 
mode converter which directly converts the complicated cavity interaction 
mode into a linearly polarized free space Gaussian beam. 

This chapter mainly deals with the output taper and quasi-optical mode 
converter for gyrotrons and similar technical devices. Such design studies 
of output systems are extensively given in the literature (for example see 
[255, 256] and the references therein). We have outlined only the salient 
features to keep the topic sufficiently brief and necessary references are given 
wherever required. 



7.2 Output Taper 

Tapers are required to transform from the standard size waveguide outputs to 
the oversized waveguide components and to transform to dimensions required 
for optimum component design. In gyrotrons, cross-section tapers, in general 
of cylindrical type, are employed between the output section of the cavity to 
the main waveguide section. Cross-section tapers should not generate spuri- 
ous modes above a certain acceptable level. Basic types of cross-section tapers 
are shown in Fig. 7.1. 

One can design either straight tapers with constant taper angle and 
abrupt discontinuities at each end, or variable tapers in which the taper angle 
is varied continuously along the length of the taper [255-260] . Very low unin- 
tentional mode conversion from the propagating mode to unwanted parasitic 
modes is obtained by employing relatively short nonlinear tapers with a grad- 
ual change of the cone angle. The synthesis of non-linear taper contours for 
highly overmoded transmission systems has been studied by several workers; 
a comprehensive summary can be found in [255, 258, 259]. The properties 
of several gyrotron uptapers and tapers developed for ECRH transmission 
lines are listed in [257] and [255] together with experimental values obtained 
by measurements using wavenumber spectrometers. The main difficulties in 
the design of gyrotron output tapers in comparison with highly oversized 
waveguide tapers for ECRH transmission systems are as follows [258]: 
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Abrupt Discontinuities 




(Q) Stroight Toper 




h L H 

(b) Vorioble Toper 

Fig. 7.1a,b. Different types of waveguide tapers [256] 



- At the taper input, the working mode is very close to cut off. Input re- 
flections as well as forward and backward scattered waves have to be 
considered. 

- In the case of conventional gyrotrons with axial output coupling, where 
the output waveguide serves as the electron beam dump, the ratio of the 
collector to the cavity output radii is very large so that many parasitic 
modes may be strongly excited. 

- Higher order working modes tend to couple to higher and lower undesired 

neighbouring modes with Am = 0. TE^n modes with n > 0 couple not 
only to TEmq modes but also excite modes. 



7.2.1 Methods of Taper Analysis and Synthesis 

The presence of a taper in a waveguide introduces unwanted parasitic modes. 
Gyrotron output tapers should act as a near perfect match at the input 
port with suppressed spurious modes at the output port with a taper length 
as short as possible. Conical tapers with constant cone angle introduce a 
higher degree of parasitic modes which is not desirable. Tapers with gradual 
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change in the cone angle cause considerably less power conversion to spurious 
modes. Since all gyrotron output tapers are cylindrically symmetric, their 
performance does not depend on the sense of the rotation of the mode. The 
principle methods employed for the analysis and synthesis of gyrotron output 
tapers are given in detail in [255] and the references therein. Here, we discuss 
them briefly. 



Taper Analysis using Generalized Telegraphist’s Equation 



In this method, the following basic set of equations describing the propa- 
gation and coupling of different modes in nonuniform transmission lines are 
integrated and solved for the coupling coefficients: 
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(7.1) 



Here, Vi and li are complex amplitudes of the transverse electric and magnetic 
held vectors, Zi the characteristic impedance, and Pi the phase constant of 
the particular ith mode. The coupling coefficients are given by 

Cmng = J , (7.2) 

where S is the cross section of the waveguide and €ij is the eigenvector 
of a mode with transverse electric held Eij = CijV [259]. The values of 
the coupling matrix elements jPi/Zi and Cij depend on the contour of the 
gyrotron taper and on the frequency. 

The complex field amplitudes are related to the forward and backward 
wave amplitudes by the square root of the characteristic impedance of the 
particular mode as given by: 



Ii = 



{Ai -f Bi) \/~Zi , 

{^Aj Bj) 



(7.3) 



The generalized telegraphist’s equations are usually preferred for the taper 
analysis of gyrotrons. 



Modular Analysis Concept - Scattering Matrix Method 

In this method, the taper section is discretized into a number of small steps as 
shown in Fig. 7.2. Each module consists of an abrupt junction of two uniform 
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Fig. 7.2. Longitudinal cross section of circular waveguide taper and approximation 
of its contour by waveguide steps and uniform waveguide sections [255] 



cylindrical waveguides separated by a small step. If the taper is fed by a TEmn 
mode (with m 7^ 0), the complete set of eigenfunctions is represented by for- 
ward and backward travelling TEmq and TMmr rnodes which are excited at 
each step discontinuity. If the tapers are fed by axisymmetric TEon modes, no 
coupling to TM modes occurs [260] . By applying the boundary conditions for 
the tangential electric and magnetic fields at the step boundaries, an infinite 
system of linear coupled equations (including evanescent modes) is obtained 
for unknown expansion coefficients in matrix form. Since their dimensions 
are infinite, they are truncated for numerical analysis using matrix manip- 
ulations, and the scattering matrix of the each modular waveguide step is 
obtained in the following form: 
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Now the scattering matrix of the complete taper can be determined by cas- 
cading all the modules for the individual steps in a modular fashion. The 
previous telegraphist’s method and this method yield very similar results 
with similar computational time. 



Taper Synthesis 

In this procedure, the coupled wave equations for cylindrical modes consisting 
of main and parasitic modes with complex forward amplitudes are solved and 
the magnitude of the unwanted mode amplitude, which is an integral of the 
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mode conversion distribution function, is calculated. Then the taper contour 
is calculated by numerical integration of the coupling distribution function by 
any suitable method suggested in [255] . The taper syntheses employed a near- 
optimum mode conversion distribution including reconversion and reflection 
[255]. Further, the quality of the taper synthesis should be checked by taper 
analysis. 

If the transition between two oversized waveguides of different diameters is 
gradual and reflections are very low, then waves propagating in the backward 
direction can be neglected and the coupled wave equations for the forward 
propagating cylindrical modes can be written as: 

^mn j Pmn f^mnq ^mn 

^mq _ _ l^mqn jPmq -^mq 

Here, Amn and Amq are complex forward wave amplitudes, jSmn and j3mq are 
the corresponding phase constants of the working and parasitic modes respec- 
tively, and K,mnq denote the amplitude coupling coefficients. The magnitude 
of the unwanted mode amplitude is calculated from: 
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(7.6) 



Here, CK{i^) is the mode conversion distribution function defined as 

— V^rnqn _ 2kpR , 

^ 8 -3 
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f^mnq ~ ~ 5 Jrni^'rnn ) = 0 ; and rj = -j > 1 (7.8) 



where / is the operational frequency and fo is the upper limit of the desired 
frequency band. Here, 

/co = 27t/ov^, (7.9) 
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(7.11) 



In the above expressions, ^(z) is a measure for the accumulated phase with 
^( 2 ) = —6 and ^(L) = 6. Since 29 increases with increasing frequencies, a 
taper should always be designed for the highest frequency of the band so 
that its performance is better at lower frequencies. The coupling distribution 
function CK{^) has to be chosen such that, for a minimum value of 6 (shorter 
taper), the spurious mode amplitude W{7]) remains below the given limit 
Wmax with the following equations satisfied: 
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CK{-e) = CK{ 0 ) = 0 , (7.12) 

y' CK{Od^ = C = Co In (^1^) . (7.13) 

From equation (7.12), it is understood that the coupling at the taper input 
= —6) and taper output = 6) vanishes. The nonlinear taper contour is 
calculated by numerical integration from: 



(^) " (§) fe 



z{0 = 



2fcn 



— xt, 






R\Od£.'- 



(7.15) 
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There are several approaches for the representation of K(^) in the 
above expressions to compute the taper contour. The main methods are (i) 
Fourier series representation, (ii) Dolph-Chebychev distribution, (iii) mod- 
ified Dolph-Chebychev distribution, (iv) three mode coupling distribution, 
and (v) near optimum mode-conversion distribution including reconversion 
and input refiection. These are discussed in detail in [255]. However, all are 
equivalent approaches for the synthesis of taper contours. 

In actual gyrotron taper design, the synthesized contours were subse- 
quently analyzed by numerically solving the generalized telegraphist’s equa- 
tions. The input contours of the gyrotron taper are matched to the fiare angle 
of the resonator output. The spurious mode levels predicted by the synthesis 
and analysis codes were always in good agreement. The high power experi- 
mental results are slightly higher, but this is not surprising since insulation 
gaps and the gyrotron RF output window are additional sources of unwanted 
parasitic modes. The taper analysis of a 140 GHz, TEio ,4 mode gyrotron is 
presented as an example. The calculated levels of undesired modes at the 
output of the taper indicate that they are very low and the mode purity of 
the main mode is 99%. The excitation of the parasitic modes TMio ,3 and 
TMio ,4 together with the TEio ,4 transmission loss along a TEio ,4 gyrotron 
taper and the optimum taper contour are plotted in Fig. 7.3. It is evident that 
the eflPect of reconversion into the operating TEio ,4 mode is quite important. 

Conversion of the operating gyrotron mode to the unwanted parasitic 
modes at discontinuities of cavity input and output taper sections can be 
reduced considerably by introducing smooth transition regions between the 
individual parts of the open resonators. The cavity and adjacent tapered 
output waveguide should be optimized as a single unit [258] . 



7.3 Quasi-optical Mode Converter 

For gyrotrons with radial output coupling, an output coupler that separates 
the spent electron beam from the outgoing RF power is required. In addition. 
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excitation of the TMio ,3 and TMio ,4 modes and the TEio ,4 transmission loss along 
the taper [255] 



such a coupler allows to increase the electron beam interception area of the 
collector. It is the short wavelength, high output power and the rotating 
asymmetric high order cavity mode of such tubes which have led to the 
need for novel mode conversion concepts. The down conversion of these high 
order cavity modes with complicated field structure by using conventional 
waveguide mode transducers with highly oversized waveguide diameter is 
practically impossible due to the extreme mode competition involved. 

The higher the operating mode is, the more it is appropriate to employ 
an asymptotic procedure for its description, namely the method of geomet- 
rical optics (g.o.) (see e.g. [255, 261]). In the framework of this method the 
initial mode is represented as a system of rays successively reflected from 
the waveguide walls (Brillouin-Keller concept). To directly convert the com- 
plicated field structure of rotating high order asymmetric gyrotron cavity 
modes into a linearly polarized Gaussian beam, i.e. to modify the configura- 
tion of rays, one can use quasi-optical (q.o.) devices, a proper combination of 
a specific mode converting waveguide slot radiator (launcher) together with 
a few curved mirrors [262, 263], often called a Vlasov converter. This method 
is universal, but diffraction effects limit its efficiency to approximately 80%, 
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which cannot be accepted for high power gyrotrons. This section summarizes 
the principles and advantages of q.o. mode converters and discusses the de- 
sign of improved launchers and beam shaping reflectors with higher efficiency. 
Different output coupling schemes for gyrotrons are schematically shown in 
Fig. 3.1 (see Chap. 3). The q.o. mode converter is a part of the internal elec- 
trodynamic system of the gyrotron like the cavity and the uptaper (Fig. 3.1b 
in Chap. 3). Radial output coupling of the RF power into the fundamental 
Gaussian (TEMqo) free space mode has three signiflcant advantages for high 
power operation: 

- The linearly polarized TEMqo mode is directly usable for low-loss trans- 
mission as well as for effective antenna feeding and no further mode con- 
verters are needed. Therefore, q.o. mode converters are also used for rela- 
tively modestly overmoded systems when a very compact mode conversion 
to the TEMqo mode is required [264, 265]. 

- The converter separates the electron beam from the RF-wave path 
(Fig. 3.1b), so that the electron collector is no longer part of the output 
waveguide as in the case of a tube with an axial output (Fig. 3.1a). Hence, 
the collector can be designed especially for handling the high electron- 
beam power. In addition, energy recovery with a depressed collector is 
much easier. 

- The harmful effects of RF power reflected from the output window are ex- 
pected to be signiflcantly reduced especially if the window disk is slightly 
tilted. 

7.3.1 Basic Principle of Quasi-optical Mode Converters 

The principal schemes of q.o. mode converters for (i) rotating asymmetric 
modes and (ii) for circular symmetric modes are shown in Fig. 7.4. TE- and 
TM-modes in a circular waveguide can be decomposed into a series of plane 
waves, each propagating at the Brillouin angle 6b relative to the waveguide 
axis: 

= (7.16) 

where Xmn is the Bessel root, ko is the free space wavenumber, and a is the 
radius of the launcher waveguide. 

The requirement of a zero azimuthal electric held at the waveguide wall 
deflnes their relative phases. In the geometrical optics (g.o.) limit a plane 
wavefront is represented by a single ray. Its transverse location is deflned by 
the requirement that at a particular point of interest the ray direction must 
coincide with the direction of the Poynting vector of the original TE- or TM- 
mode held distribution. If the point of interest is located at the waveguide 
wall the ray has the distance: 



Rc 



m 

^mn 



a 



(7.17) 
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(1) quasi-cHitical antenna (launcher) 

(2) quasi-paraMic reflector 




rotatinq TEmn-or TMmn -modes symmetric TEon - or TMon -modes 




Fig. 7.4. Principal schemes of quasi-optical mode converters and amplitude distri- 
bution at the launcher. The electric field orientation shown in (b) applies only for 
TEon modes [256] 



from the waveguide axis. Hence if all plane waves are represented by g.o. rays 
they form a caustic at the radius Rc (Fig. 7.4). In an unperturbed circular 
waveguide the density of the rays along the caustic is uniform [261]. 

The distance that a ray has propagated in the axial direction between two 
subsequent reflections from the waveguide wall is 



Lb = 2a 1 



cot 9 b . 



In the transverse direction a section of angle: 



A^p = 20 = 2 cos ^ f 

V ^mn 



reflects all rays exactly once. 
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Accordingly, for modes with m ^ 0 the reflection points of each of the 
rays are placed on the waveguide surface in a helical line with the angle of 
inclination [255] 



^lJ — tan ^ 



0tan Ob 
sin^ 



(7.20) 



and the distance (pitch) that a ray has propagated in the axial direction when 
it has completed a full turn is [255] 

H = 27ra cot -0 




= Lc = launcher cut length (7.21) 

which is the launcher cut length. Hence waveguide sections (wound parallel- 
ograms: “G region”) with the length Lc and the transverse width deflned by 
aAip reflect each ray once. Back scattering effects due to diffraction of the 
incident high-order mode by the helical and straight edges of the launcher 
have been estimated by using the method of equivalent currents [266]. For 
6b < 70° the total reflected power is lower than - 30 dB. The helical-cut 
launcher radiates the RF power via its straight cut onto the first phase cor- 
recting mirror of quasi-parabolic shape (Fig. 7.5). The power reflected from 
the first mirror propagates as an astigmatic beam onto a series of two elliptical 
or hyperbolical reflectors where the astigmatism is removed and the output 
beam transverse dimensions are matched to the window size [255, 267]. In 
the recent works of Neilson [268], a surface integral analysis of quasi-optical 
launchers considering edge diffraction losses with the magnetic held integral 
equation (MFIE) approach is given. 



7.3.2 Improved Quasi-optical Mode Converters 

The wave beam produced by the conventional launcher differs significantly 
from a Gaussian beam, i.e., an eigenwave of the mirror transmission line, due 
to the fact that the field amplitude on the wall is constant. The coefficients of 
excitation of the Gaussian beam are about 0.8 (power) and depend slightly 
on the wave indices [263] . This cannot be accepted for high power gyrotrons 
owing to the harmful diffracted radiation (stray radiation) in the tube. The 
following requirements for the q.o. mode converter should be satisfied: 

- low diffraction losses inside the tube (less than 3%) 

- matching of the output wave beam to the HEn waveguide mode or the 
fundamental Gaussian beam with efficiencies higher than 97%. 
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Fig. 7.5. Cross section of the launcher and the standard quasi-parabolic mirror. 
Care is taken here that the central ray is reflected onto the gyrotron axis, avoiding 
a transverse offset of the following two mirrors [256] 



At the aperture of conventional Vlasov launchers there exists an approx- 
imately uniform field distribution in the axial and azimuthal directions 
(Figs. 7.4 and 7.5), leading to the high diffraction losses. There are two gen- 
eral methods to reduce the diffraction losses and produce a pencil like wave 
beam: 

1. Employing tailored aperture distributions at the radiating launcher such 
that the sidelobes are reduced (see [255] and references therein), which 
means preshaping of the wave beam before its launching. The shaped 
beam has weaker fields at the cut edges (low diffraction) and a nearly 
Gaussian angular spectrum. 

2. Synthesis of mode converting, phase correcting mirrors with complicated 
surface contours [269-272]. This method allows one to synthesize a desired 
field structure of paraxial wavebeams. 

Preshaping of the wave beam before launching and mode converting phase 
correcting mirrors are described in the following parts of this section. 
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Beam Shaping by a Flared Launcher Cut 

To tailor the aperture field distribution and to reduce the side lobes caused 
by the straight launcher cut, fiared radiation cuts (visors or wings) have been 
used. In the case of transformation of a whispering gallery mode (WGM) with 
a single radial field maximum (e.g. TEi 5 ,i) into a Gaussian beam one achieves 
a theoretical efficiency of 98% whereas the efficiency for the transformation 
of the TEi 5,2 mode [274] or the TEi 2,2 mode [275] is only 92-93%. In the 
case of higher order volume modes such as TEi 5 ^ 4 , this method gives a rather 
poor efficiency of only 87% [276]. 

Beam Shaping by Mode Converting Feed Waveguide 

To achieve a sidelobe-free fundamental Gaussian beam as the output mode, 
the launcher must have feed waveguide deformations such that the incident 
rotating TE mode is converted to a mode mixture generating a Gaussian 
beam distribution [276-279]. A Gaussian aperture field distribution can be 
well approximated by a raised-cosine field distribution which can be obtained 
by means of a superposition of nine specific waveguide modes with matched 
amplitudes and relative phases given by [280]: 

= (l + 5 + 1 

. + i + 1 e-j(x/0)v^ ^ (7 22) 

The interference of the nine waveguide modes creates an RF-field bunch- 
ing in the axial and azimuthal directions. Requirements for this bunching 
are: 

1. longitudinal hunching: the modes must have equal caustic radii and an 
interference length close to the launcher cut length Lc, 

2. azimuthal bunching: the modes must have equal caustic radii and similar 
Bessel zeros. 

This leads to the following mode selection rules: 

PtT tt 

Aj3 — ±— and Am = ±— . (7.23) 

Lq U 

For the example of the TE 22,6 mode, we have Aj3 = j3mv ~ l3m±i,v and 
0 ^ 7 t/ 3 which means Am = ±3. Power conservation requires that the 
relative power of the corresponding modes TE 22 , 6 , TE 23 , 6 , TE 2 i, 6 , TE 25,55 
TEi 9 , 7 , TE 26 , 5 , TE 24 , 5 , TE 2 q ,7 and TEi 8,7 must be 0.44, 0.11, 0.11, 0.11, 0.11, 
0.03, 0.03, 0.03 and 0.03, respectively. 

These wall distortions (scattering surface) transform the input eigenwave 
to an eigenwave of the weakly perturbed transmission line. By means of this 
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principle each required amplitude distribution can be approximated. Numer- 
ical optimization calculations include many more than nine coupled modes. 
The helical converter ( “dimpled- wall converter” ) is described by the following 
wall perturbation: 

a{(p, z) = ao [1 -h ei cos{A(3iz - hip) + S 2 cos(zi/?2^ - h^)] (7.24) 



where 



A(3i = ±(/3i - /?2) , k = ±(mi - m 2 ) = ±1 , 

Z\/?2 = ±(/?i - / 3 a) , h = ±(»Tii - TO3) = ±3 , 

and /?i is the propagation constant of the operating mode and /?2 and /?s the 
propagation constants of modes which fulfill the requirement of (7.23). 

The required minimal launcher length is 



Lmin — 



2 1 2/^772 -y /^m+l,v /^m— l,v| 



(7.25) 



The result of the numerical calculation for the first dimpled- wall q.o. mode 
converter which was used in a Russian 0.5 MW, 110 GHz, TEi 5^4 gyrotron 
[276] is shown in Fig. 7.6. The corresponding geometrical structure of the 
space-periodic launcher in shown in Fig. 7.7. A shallow linear uptaper of the 
mean launcher radius ao reduces the danger of spurious gyrotron oscillations 
in the launcher [281, 282] due to an unintentional cavity introduced by the 
dimples. 

This class of improved mode converters even can be employed in step- 
wise tunable multifrequency gyrotrons where specific series of cavity modes 
are utilized at their corresponding magnetic fields [44, 280]. A double beam 
q.o. output utilizing a two-cut launcher can be achieved with dimple type 
feed waveguides employing an /i — 2 perturbation for longitudinal bunching 
instead of /i = 1 [280, 304]. 

In the framework of geometrical optics the performance of the dimpled- 
wall launcher can be explained in the following way. Among the rays compos- 
ing the initial mode let us define one to be the leader and find the points of 
its refiections from the waveguide wall. Then we deform the inner waveguide 
surface to make it focus near the refiection points of the leader ray and defo- 
cus at the remaining area. Then, when successively refiected from the walls, 
the rays will converge to the leader and finally, will compose an eigenmode 
of an open mirror waveguide with the transverse distribution of the RF field 
depending on the mirror profile. 



Mode Converting Phase Correcting Mirrors 

In cases where a simple Vlasov launcher or only a weakly beam preshaping 
launcher is used in connection with a large quasi-parabolic refiector, special 
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(a) (b) 

Fig. 7.7. (a) Space-periodic q.o. mode launcher of Fig. 7.6 and (b) its unfolded 
structure [276] 



non-quadratic phase correcting mirrors allow one to generate any desired 
amplitude and phase distribution of the wave beam. The amplitude distribu- 
tion may be Gaussian [283, 284] but can also be flat or even ring-shaped in 
order to optimize the power distribution for a given vacuum window geom- 
etry and material [285]. Advanced iterative computer algorithms have been 
developed to provide the optimized shapes of the mirrors [269-273] which 
are manufactured on numerically controlled milling machines. Fig. 7.8 shows 
as an example the shaped mirrors inside the GYCOM 170 GHz, ITER gy- 
rotron [283]. The computer codes are also used for the phase retrieval from 
amplitude measurements, thus allowing detailed mode diagnostics and re- 
construction of the overall fields [269-272, 286-290]. The knowledge of phase 
and amplitude at any point of the longitudinal axis of the beam makes a 
calculation of the field pattern at all other points possible. Finally, the exam- 
ple of an optimized quasi-optical launcher system for a megawatt, 140 GHz, 
TE 22,8 mode multifrequency gyrotron [273] is mentioned to see the effect of 
the optimization of the mirror profile on the radiation pattern at the window 
plane. This system consists of a classical Vlasov launcher, a non-quadratic 
elliptical mirror and two phase correcting mirrors. Figure 7.9 shows the radia- 
tion pattern at the window plane before and after optimization and applying 
the phase corrections to the mirrors. In this case, the mode purity of the 
Gaussian beam at the window plane is around 99% after optimization. Thus, 
the advanced computer codes will enable one to design much improved and 
excellent launcher and mirror systems with reduced losses. 
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Fig. 7.8. Typical surfaces (a,b) of shaped mirrors inside the GYCOM 170 GHz 
ITER gyrotron (mirror no. 1: 120 x 135 x 1.44 mm, mirror no. 2: 90 x 93 x 1.93 mm). 
(c) Field intensity of the output beam at the gyrotron window [283] 
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x/mm (b) 

Fig. 7.9. Radiation pattern at the window plane (a) before and (b) after optimizing 
the mirror system of a 140 GHz, TE 22 ,s mode multifrequency gyrotron [273] 
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7.4 Concluding Remarks 

Practically all passive components for conversion and transmission of high 
power mm- waves have reached a high grade of development. Mode conver- 
sion processes in smooth wall and corrugated wall waveguides as well as on 
phase-modifying (non-quadratic) reflector surfaces are well understood, and 
high efficiency performance is usually obtained. The quality of q.o. mode con- 
verters reached now, allows the building of high power mm- wave gyrotrons 
with high purity of the Gaussian output beam. Transmission systems em- 
ploying waveguides and mirror lines show high reliability and efficiency, and 
devices for polarization control, power measurement, mode analysis and pulse 
compression are available. A challenge for the future is the development of 
wideband, tunable gyrotron sources for high power mm- waves. Although the 
transmission lines themselves are broadband, this requires the design of mul- 
tifrequency q.o. mode converters and appropriate matching optics as well as 
corresponding polarizing and measuring devices. 

To satisfy the continuing need for increased power, the exploration of 
power combination techniques and generally the potential for simpliflcation 
of high power microwave and mm-wave mode conversion and transmission 
systems will be of growing interest. 




8 RF Window 



8.1 General Remarks 

An important component of the output system of gyrotrons is the RF window. 
It serves as a barrier between the vacuum side of the gyrotron and the output 
transmission line. It should withstand high power, mechanical and thermal 
stresses, be leak tight 10“^^ Torr) and be lossless. The basic problems to be 
addressed for high power RF windows are power handling capability, selection 
of window material, thermal and mechanical stresses and their management, 
window flashing/arcing, and puncturing/physical damage. Therefore, care 
must be taken in selecting a proper window material with low loss tangent 
(tan (5), high thermal conductivity, suitable mechanical strength, and perfect 
design to minimize power reflections and absorption for better transmission. 

Gyrotrons with an output power of over 1 MW per unit are under devel- 
opment for use in ECRH systems. Therefore, overmoded high power dielec- 
tric vacuum windows are required for various high power microwave tubes 
(gyrotrons, power klystrons, etc.). In fusion plasma heating, vacuum barrier 
windows also serve as a primary tritium containment boundary of the plasma 
torus. This application is technically more demanding because a torus window 
must withstand a static 0.2 MPa pressure during off- normal events (safety 
requirement). It should use a fusion reactor compatible cooling liquid and, in 
addition, its mechanical and mm- wave performance should not be severely 
degraded by modest neutron and 7 irradiation, i.e., it must also be resistant to 
radiation damage. An extensive survey and design studies of the RF windows 
for gyrotrons are given in the literature (for example see [2, 253, 291-294]). 
In this chapter, high power RF windows mainly for gyrotrons, but also suit- 
able for their amplifier variants and similar applications, is presented. Most 
of the practical and technical requirements for the design and development of 
such vacuum barrier windows are discussed. Disc type windows, broadband 
Brewster windows and application of the latest synthetic diamond windows 
are described. 
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8.2 Practical Aspects of High Power Windows 

The most important aspect of high power mm-wave window development is 
the dielectric characteristics of the window material i.e., loss tangent tan (5 
and permittivity because they affect both the power absorption and trans- 
mission [291]. The thickness d of a window disc is determined such that the 
power reflection is minimized. It is evident that a temperature dependence of 
complicates the choice of d and that once d is fixed, maximum transmission 
occurs at a series of frequencies fi (multi-passband window). An appropri- 
ately small partial reflection can enlarge the power capability of dielectric 
RF windows compared to the conventional resonant matched windows in 
which the RF field represents a superposition of counter-propagating waves. 
It is obvious that the RF load on the dielectric would decrease if the wave 
could only propagate in one direction. A pair of symmetrically located in- 
ductive irises on both sides of the window disk in a tubular waveguide [295] 
or symmetric gratings in quasi-optical arrangements [296, 297] can be used 
to set up a standing wave in the regions between them and each of the disk 
surfaces. This results in forcing a lower impedance at the disk surfaces that 
exactly matches the characteristic impedance inside the dielectrics, thereby 
causing a pure travelling wave condition inside the window disk. Therefore 
such windows with matched anti-mirror reflection are called travelling wave 
windows. 

Depending on various cooling schemes, four general classes of high power 
long pulse capable windows have been suggested and experimentally inves- 
tigated (see Fig. 8.1) for gyrotrons and similar applications for transmission 
of high power microwave and millimetric waves. These are, (i) distributed, 
(ii) liquid-edge-cooled single disc, (iii) gas-surface-cooled single disc, and (iv) 
liquid-surface-cooled double disc. A variety of low loss tangent dielectric ma- 
terials (beryllia, boron nitride, silicon nitride, sapphire, Au-doped silicon, and 
synthetic diamond) have currently been used for high power RF windows. The 
distributed window consists of a planar slotted structure of alternating thin 
bars of dielectric material between microchannel cooled metal ribs. The main 
disadvantages are the complicated and expensive mechanical structure (with 
a large number of window elements), high losses, arcing problems even in an 
evacuated waveguide, and its limitation to only one direction of polarization. 
Cryogenically edge cooled single disc windows are an attractive option. For a 
number of materials, including sapphire, it is found that the thermal conduc- 
tivity increases and the loss tangent decreases as the temperature is reduced. 
Operating points are usually found between liquid Helium (LHe) and liquid 
Nitrigen (LN2) temperatures, depending on the material. The advantages of 
this type of windows are that they are low loss and generally not polariza- 
tion dependent. Disadvantages are that they are large, the operating point 
is subject to thermal runaway and they must be prevented by a cold trap 
from cryo-pumping of dust in the antenna waveguide. Liquid surface cooled 
double disc windows have the disadvantages that two discs are required per 
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1 ) 



2) 






Fig. 8.1. General classes of high power, long pulse capable RF windows for gy- 
rotrons [291] 



barrier, and the losses in the cooling liquid also have to be considered. Single 
disc microwave plasma assisted chemical vapor deposition (MPACVD) dia- 
mond windows have proved to be an excellent choice as potential windows for 
high power gyrotrons whereas application of Brewster windows is an excellent 
solution for the broad band transmission of high power mm- waves [292, 298]. 

Several methods exist for increeising the power capability of the window 
without fundamentally altering the design [291]. One such method is the op- 
timization of the beam profile. Flat non- Gaussian mm- wave beam profiles in- 
crease the power handling capability by as much as 50%, and annular profiles 
by as much as 100%. The disadvantage of these methods is that they require 
the use of waveguide mode converters or mode-converting (non-quadratic 
profiled) mirrors. Alternatively, high aspect ratio elliptical (or rectangular) 
windows can be used to reduce the thermal path length in one dimension. 
However, unless the transmission remains in an elliptical (or rectangular) 
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waveguide, rather long mode converters or profile-transforming mirrors are 
required. 

In order to define the appropriate concepts for the development of high 
average power microwave windows one has to compare the thermophysical, 
mechanical and dielectrical parameters of possible window materials related 
to the load-failure resistance R' and the power-transmission capacity Pt at 
different temperatures [291]. The features of beryllia, boron nitride, silicon 
nitride (Kyocera SN-287), sapphire, Au-doped silicon, and CVD diamond at 
room temperature are summarized in Table 8.1. 

For a 1 MW, CW mm-wave window the parameters R' and Pt should 
exceed 250 and 100, respectively. The comparison of R' and Pt for the four 
materials BeO, BN, Si 3 N 4 and sapphire clearly shows that there is no chance 
to use these dielectrics for an edge-cooled, single-disc, CW, mm-wave window 
at room temperatures. Experiments at CPI in the USA and at NIFS and 
JAERI in Japan have confirmed that even a double disk FC75-face-cooled 
sapphire window has a CW power limit around 0. 3-0.4 MW. Nevertheless 
these materials are widely used at lower frequencies and for pulsed operation. 
The mechanical features and the required cooling auxiliaries make sapphire 
cryo- windows very complicated. Au-doped silicon at cooling temperatures 
somewhat lower than 0°C could avoid a thermal runaway and transmit 1 MW, 
CW but this material is too brittle and tends to mechanical cracking [256]. 
However, recent developments in the manufacture of synthetic diamonds in 
a controlled fashion with the required diameter and thickness and improved 
brazing and mounting techniques have allowed the use of single disc, water- 
edge-cooled CVD diamond windows for use in high power windows. They 
provide technically a practical solution for the transmission of CW mm- waves 
at power levels in excess of 1 MW [292, 293]. Diamond windows for gyrotrons 
are also discussed in this chapter. 

Another practical aspect of high power windows is the resistance to me- 
chanical stresses since the disc thickness is smaller for large bandwidth win- 
dows and is limited by mechanical stability. The pressure gradient Ap be- 
tween the two sides of the window causes a deflection w of the disc given by 
[253, 299] 

where cri == 1/6 for a clamped disc at the circumference and is equal to 2/3 
for a freely supported disc, Rwin is the window radius, and E is the modulus 
of elasticity. Here, the Poisson number is taken as 1/3. The tensile stresses 
occurred are expressed as [253, 300] 



^2 ^P^win 



( 8 . 2 ) 



where 0^2 = 2 for a clamped disc and o ;2 == 5 for a freely supported disc, 
respectively. In the selection process of the suitable window material, one has 
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Table 8.1. Thermophysical, mechanical, and dielectrical parameters of window 
materials related to thermal load-failure resistance and power transmission capac- 
ity of edge-cooled windows at room temperature. Here, pc = polycrystalline and 
sc = single crystal 



Material 


BeO 


BN 


Si3N4 


Sapphire Si (Au- 


Diamond 




(pc) 


(CVD) 


composite 


(AI 2 O 3 ) 


doped) (PACVD) 






(pc) 


(SN-287) 


(sc) 


(sc) 


(pc) 


Thermal Conductivity 


260 


55 


59 


40 


150 


1900 


K (W/mK) 














Ultimate Bending 


140 


80 


800 


410 


1000 


500 


Strength as (MPa) 














Poissons Number u 


0.3 


0.25 


0.28 


0.22 


0.1 


0.1 


Density p (g/cm^) 


2.85 


2.3 


3.4 


4.0 


2.3 


3.52 


Specific Heat Capacity 


1.05 


0.8 


0.6 


0.8 


0.7 


0.52 


Cp (j/g K) 














Young’s Modulus 


345 


70 


320 


385 


190 


1050 


E (GPa) 














Therm. Expans. 


7.2 


3 


2.4 


5.5 


2.5 


1.0 


Coefficient 














a(10“®/K) 














Permittivity (145 GHz) 


6.7 


4.7 


7.84 


9.4 


11.7 


5.67 


Loss Tangent (145 GHz) 


70 


115 


30 


20 


0.35 


2 


tanJ X 10“^ 














Metallizing/Brazing 


o.k. 


o.k. 


o.k. 


o.k. 


o.k. 


o.k. 


Bakeout (° C) 






550 


550 


550 


550 


Possible Size 0 mm 


150 


145 


300 


270 


127 


120 


Cost 


medium medium 


high 


high 


low 


very high 


Failure Resistance {R') 


10.3 


15.7 


44.5 


6.0 


284 


858 


RE- Power Capacity (Pt) 


0.09 


0.05 


0.36 


0.09 


106 


118 


Radiation Sensitivity 


no 


no 


no 


no 


no 


no 



R' = has (I — v)lEoi 
Pt = R'pCp/[{l -h e'r) tan (5] 
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to ensure that the mechanical stresses including those due to dielectric losses 
should not exceed the prescribed critical values of the material chosen [253]. 



8.3 Theory of Disc Type Windows 



The basic theory of disc type waveguide windows for gyrotrons based on the 
scattering matrix formulation is presented in the literature [253, 294]. It offers 
a simple description of the incident, transmitted and reflected waves. Here, 
we give the basic formalism for disc type windows. Figure 8.2 shows a typical 
single disc waveguide window with its equivalent two-port scattering matrix 
network representation depicting the incident and reflected waves ai and bi 
(i = 1,2) respectively. 

The incident and reflected waves at the window plane are represented by a 
set of equations in matrix form as 







~h 


h 


“ 


5ii Sn 




ai 


02=0 CL2 


oi=0 


S21 S22 _ 




b2 

.ai 


b2 

02=0 (I 2 


oi=0 _ 



(8.3) 



The reflection (i?), transmission(T), and absorption (A) coefficients in terms 
of the scattering matrix parameters are given as 



R=\Snf = ^^ 



\bi 



P2.: 



^ ,o ,2 P2 ,trans 

1 = 1^211 = 






Kr 

1^2 



P2,in=0 



ai 



I, in 



^2,in = 0 
P2,in=0 

Pi, in Pi, ref I P2,trans 



P2,in = 0 



Pi, 



(8.4a) 

(8.4b) 



P2,in=0 

(8.4c) 




Fig. 8.2. Schematic of a single disc waveguide window and its equivalent two-port 
network 
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In the case of a single disc window, the scattering matrix [S] is 



[5] = 



(1 - Pmne-27mn<i) 



'Imn (l 



p 






(1 - 7mn) e 7mn (l ~ 6 J 



, (8.5) 



where 



'limn — ^mn H” j Pn 



kcmn = and ko = — . (8.6) 

■^win ^0 



Here, Xmn is the Bessel zero of the mode and Rwin the aperture of the 
window disc. The complex permittivity of the disc is “ itancJ). 

Tmn, (^mn and Prnn are the propagation, attenuation, and phase constants, 
respectively, of the disc loaded waveguide and are given by 






tan 5 

2^4 -(V) 



(8.7a) 



Pmn — ^cmn ‘ 






1 1 
2^ 2 






e' tan 5 



- ( V) / 



+ 1 . (8.7b) 



The complex reflection coefficient due to the wave impedance discontinuity 
at the single dielectric transition plane pmn is given by 



Pmn — 



A ^ ( ^Qmn \ A r [ hornu i 

V V *^0 / V V *^0 / 



for a TE mode, 



1 ( ^cmn \ ^ A c- i ^cmn \ 

V '=0 / V ^0 / 

A p — { h.Qmn ^ — p 4/1 — ( h.Qmn ^ 

V feo y V feo ; 



(8.8a) 



p i ^.amn. i -Lp^/l — ( konm. i 

\ ko J ^ \ ko J 

1 \/^r 



for a TM mode, (8.8b) 



1 + 



for a TEM mode if kcmn ko. 



(8.8c) 



Now, by making use of (8.5) through (8.8) in (8.4), we obtain the following 
expressions for reflection, transmission and absorption coefficients for a single 
disc window: 
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Fig. 8.3. Reflection (Sn) and transmission (S 21 ) as a function of frequency for a 
single disc diamond window 



R 

T 

A 



Ro (1 “ 2Tq COs{2j3cmnd) + 1(3 ) 

1 - 2RoTq cos{20cmnd ~ 2(f)) + RqT^ ’ 



To (1 - 2Ro cos(2(/>) + Rq) 

1 — 2RqTq COs{2f3cmn.d — 2(p) + RqTq 



Cl • C2 

1 - 2RqTo cos{2/3cmnd - 24>) + RlT§ 



where 



(8.9a) 

(8.9b) 

(8.9c) 



Cl = (1 - i?o - To - RoT^ - Rln - 2 R 0 T 0 ) , (8.9d) 



C 2 = 2RqTo {cos{2(3cmnd - 2(f)) - cos{2/3cmnd) - cos(2</))} , (8.9e) 

Ro = \pmnf , 0 = arg Pmn, and To = . (8.9f) 

As an example, the S parameters of a single disc diamond window (with 
— 5.67, tan 5 = 2.0 x 10“^) for operation at 170 GHz with a Gaussian 
output beam is shown in Fig. 8.3. Here, the radius of the window aperture is 
taken as 50 mm and the thickness of the window is 1.11 mm. 

If there are n cascaded dielectric layers, then by cascading the individual 
scattering matrices in order, we get the total scattering matrix of such system 
given by 
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= [5^] • [Sb] • [5c] [5„] . (8.10) 

Similarly, one can also write the transmission matrix [T] for such waveg- 
uide windows; this can be expressed in terms of the corresponding scattering 
matrix elements and vice versa [294]. 



8.4 Broadband Output Windows 

For a broadband operation of the window suitable for multifrequency or step- 
tunable operation of the gyrotron, one needs a very wideband window, for 
example, with a workable range from 105-170 GHz. Window reflections cause 
a major problem to design such windows. One possibility to remove window 
reflections, at least for a set of discrete frequencies, is given by mounting a 
window plate of specially chosen thickness perpendicular to the mm- wave out- 
put beam. To make sure that the part of the power reflected by the first ma- 
terial discontinuity (vacuum to material), interferes destructively with parts 
reflected out of the window plate (multiple reflections), the plate’s thickness 
has to be a multiple N of the wavelength Ari/2 in the material given by 

= ( 8 . 1 .) 

U^h + n-Al, = 

n--0,±l, ,±N. (8.12) 

Since the window in this case provides a resonant thickness for the mm- wave 
beam, the amount of power oscillating between the two surfaces leads to an 
increase of the absorption coefficient, which results in the following expression 
for the absorbed power [44] 



7r/dtan(5(l -h £^) 

Am ~ 

Co 



(8.13) 



However this method is not very suitable for multifrequency and high 
power operation since the reflections and power absorption are larger. An el- 
egant method to realize a gyrotron output window with very large bandwidth 
is given by using a Brewster window (see Fig. 8.4) [291, 292, 298]. 

If the angle between the normal to the window plate and the propagation 
constant of the mm- wave beam is chosen according to the equation (8.14), it 
can be shown that the reflections vanish, independent of the frequency, for 
parallel polarization; the Brewster angle is given by 



^11 



= 0 4=^ Oi = Ob = tan ^ 




(8.14) 
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Fig. 8.4. Schematic of a Brewster window [291] 



Due to the parallel boundary conditions of the window plate, there are 
further frequency dependent angles where the reflections vanish independent 
of the polarization. Similar to the case of a perpendicular incident beam, the 
reflections can vanish if the phase displacement of the first reflection and the 
ray scattered out of the material is a multiple of (2n + 1) • tt. The reflection 
derived from this is given by 



sin 6i = 




int 



d ' 

An/2. 



> N > int 




(8.15) 



If it is intended to remove reflections of both the perpendicular and the 
parallel polarization for at least one frequency, one has to choose the thickness 
of the Brewster window according to the following equation: 



djsf = N ' Xn 




dN = N-J 



•y/^r + 1 
£r 



(8.16) 



For a plate mounted at the Brewster angle, each ray passes the window 
material only once, which results in the following absorbed power: 



27Tfy/^tanS d 

Ab « * • 

Co sm 6 b 



(8.17) 



The reflection (5n) contours of a diamond Brewster window designed for 
operation at 170 GHz is shown in Fig. 8.5. Here, the window thickness (d) is 
1.11 mm, Sr = 5.67, and tan 5 = 2.0 x 10“^. 

It is observed that compared to the amount of power absorbed in the 
multi bandpass window, for the same thickness of the window, the Brewster 
window provides a lower absorption, particularly for high permittivities [44] . 
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Frequency (GHz) 



Fig. 8.5. Contours of reflection coefficient (Sn) as a function of frequency and 
Brewster angle for a CVD diamond Brewster window 



8.5 Diamond Windows for Gyrotrons 

The development of high power mm-wave windows has been hampered by 
the lack of a suitable dielectric material which does not suffer from thermal 
runaway. As a potential new material for simple water-edge-cooled single 
disc windows, MPACVD diamond is extremely attractive due to its good 
mechanical properties, modest dielectric constant, small loss tangent, excel- 
lent thermal conductivity and insensitivity to nuclear radiation [298] . Current 
MPACVD capabilities [292] have allowed for tests with optical- and radio- 
frequency (RF)-grade diamond discs (DIAFILM) of up to 119 mm diameter 
and 2.23 mm thickness (see the “Star-of-FZK” , 434 carats MPACVD dia- 
mond window in Fig. 8.7). 



Dielectric and Thermal Properties 

The characterization of dielectric properties in the mm-wave range showed 
that in the center of optical-grade material the dielectric loss tangent at room 
temperature can be very low (tan (5 = 5 x 10~®) whereas RF-grade material 
discs have a center value of tan 5 = 1 — 2 x 10“^ at 145 GHz. The frequency 
dependence was measured to be proportional to f~^ with x = 0.6 to 0.8 
which favours higher frequencies. The temperature dependence of the center 
loss tangent of two discs is shown in Fig. 8.6. A steady weak increase from 
1.8 X 10“^ at 300 K to 5 X 10“^ at 750 K is observed. 

For various qualities of MPACVD-diamond discs with the center values of 
tan d ranging from 5 x 10~® up to 6 x 10“"^ the dielectric permittivity at room 
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Fig. 8.6. Dielectric loss tangent determined at 145 GHz for two gyrotron window 
discs of MPACVD diamond [292] 



temperature was always measured to be = 5.67 ± 0.01. At temperatures 
higher than 400 K a small increase has been observed. 

Due to the typical columnar growth texture of polycrystalline CVD- 
diamond layers with rough surface and grain size 

dci^) ~ 0 . 15 ^: 

where 2 : is the thickness of the layer, the thermal conductivity increases 
with increasing thickness. Finite Element (FE) thermal calculations using 
the measured dielectric parameters and a 1/T relationship to predict the fall 
in thermal conductivity show that MPACVD-diamond windows are capable 
of transmitting high mm- wave power [292]. Thermal finite element compu- 
tations performed at FZK shows that for a power of 1 MW at 140 GHz (in 
a Gaussian mode), an upper value of the loss tangent of 4 x 10“^, a cool- 
ing rim of 5 mm and for a heat transfer coefficient of 12 kW/m^ • K to the 
cooling water at 20° C, the temperature increase of the window in the center 
and at the edge is 61° C and 51° C, respectively. The absorbed power is 
705 W. These simulations show that steady state conditions in the window 
are generally achieved in less than 5 sec and that the transmission capabil- 
ity is even above 2 MW, CW. Due to temperature insensitivity of tan 5, 
and a' (thermal expansion coefficient), there is practically no change of the 
electrical thickness of the disc during the tube operation. 

Mechanical Properties and Mounting 

The ultimate bending strength as measured on the growth side in ball- 
on-ring experiments for discs cut out of window grade MPACVD material 
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r 



Fig. 8.7. “Star-of-FZK” window mounting with two Inconel cuffs and Molybdenum 
strengthening rings [292] 



(thickness d = 0.9 - 1.5 mm) revealed no changes (cr^ 380 — 415 MPa 
for the case that the growth side is under tension) at neutron fluences up 
to 10^^ njvr? . But the colour of the discs changed to dark grey and after 
brazing to green [292]. 

First metallization/bonding techniques for MPACVD-diamond discs have 
been developed in a collaboration of FZK Karlsruhe with DeBeers [292]. The 
elastic properties of a ductile Al-based braze joined by solid-phase diffusion 
bonding to the diamond disc are used to reduce the thermal stresses as much 
as possible. The disadvantage of this technique is the relatively low allowed 
maximum bakeout temperature of the window unit of 450° C (guaranteed 
by DeBeers). Several test windows were thermally cycled as if they would 
be installed as a window on a gyrotron. No diffusion degradation of the 
brazing has been observed. Figure 8.7 shows a photograph of the “Star-of- 
FZK” window mounting. In the mean time, other bonding techniques have 
been developed. 

Existing brazing techniques for CVD-diamond discs are [301]: 

1. Al-braze: 600°-650°C / DeBeers-UKAEA, Culham 

This technique is uncritical for graphitization of diamond surfaces but 
allows only reduced bake-out temperatures for the gyrotron (450°-500°C) 
and is problematic with respect to Al-corrosion in the cooling water. 
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2. Au-(Cu)-braze: 900°-1000°C / CPI, Palo Alto 

This braze is resistant to corrosion and allows high bake-out tempera- 
tures (550°) but is problematic with respect to graphitization of diamond 
surfaces (depending on vacuum conditions and Oxygen partial pressure 
during brazing). 

3. Ag-(Cu)-braze: 750°-850°C / Thales Electron Devices, Velizy 

This optimum brazing technique employs a corrosion resistant braze and 
allows high bake-out temperatures. 



8.6 Concluding Remarks 

In the design of gyrotron windows, one may encounter and has to take care 
of the following problems [245, 302]: 

- Electrical Design Problems: In the electrical design of the RF window, 
care must be taken to achieve low reflections, optimal transmission and 
low absorption. In addition, care must be taken to design the window free 
of unwanted trapped ghost modes generated and trapped in the mode 
converters, transition regions and ceramic surfaces. Such trapped mode 
resonances may cause a higher local held and heat the ceramic material 
of the window. Even though such trapped mode resonance problems are 
less prominent in the case of gyrotron windows, a proper investigation 
may give a fair idea of their existence and suppression and/or removal. 

- Electrical Breakdown Problems: This is a general problem of most high 
power microwave tubes of both conventional and fast- wave type. It is a 
phenomenon related to the window material, its surface held strength and 
electrical characteristics. Accumulation of RF losses in the ceramic ma- 
terial causes an increase in the surface electric held strength and thereby 
leads to electric breakdown. Proper evacuation of the transmission line 
could avert such breakdown situations. However, care should be taken 
by arc detection and other electrical means to avoid breakdowns causing 
physical damage to the windows. 

Although multipactoring and localized heating of the dielectric surface not a 
signiflcant pronounced problem for high power gyrotron windows, it should 
also be kept in mind when selecting the window material. Other thermome- 
chanical factors to be considered for window design have been discussed in 
the previous sections. 

Advances in chemical-vapour-deposition (CVD) production of free-stand- 
ing synthetic diamond discs have enabled the (still ongoing) development of 
vacuum barrier windows with CW power capability in the MW range. Large 
area free standing polycrystalline diamond discs with diameter and thickness 
up to 119 mm and 2.23 mm, respectively, have been manufactured at De- 
Beers Industrial Diamond Division (UK) Ltd. by microwave plasma assisted 
chemical vapor depostion (MPACVD) with good reproducibility in thickness 
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and dielectric properties. Due to low mm- wave losses (tan (5 = 2 — 3 x 10“^), 
outstanding thermal conductivity 1900 W/mK), good ultimate bending 
strength (> 400 MPa) and radiation insensitivity up to a neutron fluence 
of 10^^ n/m^ (10~^ dpa), water-edge-cooled MPACVD-diamond windows 
promise to provide a practical technical solution for the transmission of CW 
millimeter waves at power levels in excess of 1 MW. 




9 Examples 



9.1 General Remarks 

This chapter is mainly devoted to the design examples of some typical gy- 
rotrons. It may be of interest for the relevant designers and researchers if they 
are introduced to such design exercises. Here, major emphasis is given to the 
design start up, that is, feasibility, mode selection and interaction computa- 
tion. Keeping in mind the physical and technological constraints and needs 
of the particular gyrotrons, the initial design and its conceptualization have 
to be carried out. After this feasibility study is done, the design of the other 
modules, mainly, MIG, electron beam guidance, type of mode converters 
depending upon the requirement, have to be performed as described in ear- 
lier chapters. It is well known that the conception of a particular gyrotron 
is design critical. In addition, based on the application, needs, availability of 
materials, fabrication techniques and components, the design selection varies. 
The technological, physical and economic limits also have to be taken into 
account. The performance figures (mainly, power, efficiency, internal losses, 
etc.) will depend on these design procedures. Therefore, the designer is well 
advised to keep the pricing, performance and requirements as the basic guide 
lines for the design work. 

As a general guideline, one should prepare comparison tables with beam 
radius, wall radius, voltage depression, limiting current and wall loss factors, 
as well as the computed beam-field coupling coefficient Cbf for all the candi- 
date modes in order to select a proper operating mode since these constitute 
the major physical constraints in the selection. The rules and governing equa- 
tions to estimate these limiting factors are essentially the same for the second 
harmonic case as for first harmonic operation. These aspects are discussed in 
detail in Chap. 5 and there is no need to repeat them here. Then one should 
carry out calculations of /start to choose a particular operation mode. This is 
a general practice of the mode selection process. 

Following this, the equations of motion for the electrons are solved to 
compute the output power and interaction efficiency in cold cavity and self 
consistent approximations for various parameters until an acceptable cavity 
design compatible with the design goals such as efficiency, Q, wall losses, 
output power etc., is obtained. The procedure is discussed in detail in Chap. 4. 
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As usual, in addition to the starting currents, one has to estimate the wall 
losses, voltage depression, and limiting currents. 

As a first example we started with the feasibility of operating a conven- 
tional gyrotron at 140 GHz at powers well above 1 MW. Several conventional 
gyrotrons have been successfully developed at this frequency and their power 
levels are given in a periodical review [2] . This is a generic example of such de- 
vices. The second example is a successfully developed megawatt coaxial cavity 
gyrotron at 165 GHz. The third example is a rather recent study on multi- 
frequency gyrotrons. Finally, we show some design examples of gyrotrons 
under second harmonic operation. The design studies of different varieties 
of gyrotrons typically for different applications are presented to enable the 
readers to get familiarized with such problems. However there is a long way 
to go from basic conceptualization to a final design and its translation to an 
actual working device. 



9.2 A Very High-Power, 

140 GHz Conventional Gyrotron 

This is an example to see the feasibility of the operation of a particular gy- 
rotron of conventional type (that is hollow cavity type) [193]. Here a study of 
the feasibility of CW operation of a 140 GHz conventional cavity gyrotron at 
high power levels operating in the TEsi^s mode is presented. The design pa- 
rameters and goals are shown in Table 9.1. The required high power dictates 
the choice of a very high order mode, such as TE313 or TE25,io- Gyrotrons 
have been successfully operated in these modes at 170 GHz [194, 303). 

The given frequency corresponds to a wavelength of 2.14 mm. For opera- 
tion in the TEm,p mode, the cavity radius is related to Xhy Rq = where 

Xmp is the pth root of operation at the first harmonic {s = 1) the 

optimum beam radius is given by Re = - ■ = . In general, the 

^TTX^P ^TT 

co-rotating mode (with the lower sign) is chosen, since this provides better 
coupling of the beam to the RF-field. In the mode selection procedure, the 
cavity radius, beam radius, wall loading and limiting current for a number of 



Table 9.1. Design parameters and goals of a TEsi^g, 140 GHz, 1. 5-2.0 MW, CW 
gyrotron 



Output power 


^ 1. 5-2.0 MW 


Efficiency 


«30% 


Beam current 


60-70 A 


Accelerating voltage 


80-90 kV 


Beam velocity ratio 


1.2-1.4 


Magnetic field 


?^5.6-5.7T 


Diffraction Q 


1000 
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candidate modes having a Bessel zero between 62 and 65, and radial index 4- 
10, were inspected carefully and the TEsi^s mode was chosen as the operating 
mode as it satisfied most of the technological constraints (see [193]). 

If the beam current is 70 A, the voltage depression ranges from 11 kV 
for modes with radial index 10 to 4 kV for modes with radial index 4. It is 
clear that if modes with radial index larger than 8 are selected, the current 
should be limited to 60 A, in order to keep the ratio I /II less than 2/3. The 
wall losses may become uncomfortably high for modes with radial index less 
than 6, since they are likely to be higher than the values given here. The 
optimum magnetic field for a detuning of 0.039 is 5.66 T. It is difficult to 
manufacture an emitter ring if the cathode radius is significantly larger than 
50 mm. The beam radius is related to the cathode radius by Re = Rc/Vb 
where b is the magnetic compression ratio. It is usually taken to be less than 
30. However, it should be larger than about 20 to obtain a sufficiently large 
velocity ratio. This means that the beam radius should not be too large, 
which indicates selection of a mode with higher radial index. Putting these 
considerations together leads to the conclusion that the TEsi^s mode is a 
very good candidate. 

Since it is a conventional gyrotron, the interaction cavity heis the usual 
three section structure, with an input taper and a uniform middle section fol- 
lowed by an output uptaper, as discussed in Sect. 3.2. As described in Chap. 4, 
the cavity design is carried out by computing the interaction efficiency in cold 
cavity and self consistent approximations for various parameters until an ac- 
ceptable cavity design compatible with the design goals such as efficiency, 
Q, wall losses, output power etc., is obtained. The preliminary design has a 
cavity mid-section length of 14 mm. The lengths of the tapered sections were 
fixed at Li = Ls =16 mm, 6i = 2.5°, 02 = 0.0°, and 6^ = 3.5°. Roundings 
of length 5 mm were included at each transition. For the TEsi^s mode, the 
cavity radius is 21.75 mm. The cold-cavity resonant frequency and quality 
factor are 140.083 GHz and 851, respectively. 

Figure 9.1 shows Q times the coupling coefficient value (in arbitrary units) 
as a function of frequency in the frequency range 137-143 GHz taking the 
main mode to be TEsi^s- From this figure, we see that the main mode is 
fairly well separated from major competing modes (TEs 2,8 and TE 3 o,s)- The 
results of a preliminary design and self consistent computations are given in 
Figs. 9. 2-9. 3. It is known that in long pulse or CW operation, the beam space 
charge is neutralized after a few hundred milliseconds, resulting in a change 
of operating point compared with short pulse operation. In particular, the 
beam energy is higher and the velocity ratio is correspondingly lower, since 
7/3 x is invariant. For example, if the final operating point corresponds to a 
beam energy of 90 keV, current 65 A, and velocity ratio 1.20, the beam energy 
and velocity ratio during startup will be 81.3 keV and 1.39, respectively. 

Figure 9.2 shows the output power as a function of magnetic field for 
the TEsi^ 8 mode, for beam parameters corresponding to CW operation at 
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Fig. 9.1. Q times coupling coefficient (in arbitrary units) versus frequency for 
various competing modes. Here the main mode is taken to be TEsi^s [193] 
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Fig. 9.2. Power as a function of magnetic field for the TEai^g mode. Here the beam 
current is taken to be 65 A. The two sets of curves correspond to (a) Ub = 901, keV, 
a = 1.20 (after space charge neutralization) and (b) Ub = 81.3 keV, a = 1.39 
(before space charge neutralization) [193] 



a current of 65 A and accelerating voltage of 90 kV. This gives information 
regarding selection of a proper operating point for further computation. The 
voltage depression shifts the curves significantly. The curves overlap com- 
pletely when the detuning S (see equation(4.34) is taken as the independent 
variable. One can see that a magnetic field of 5.66 T lies well within the 
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Beam Energy (Uj^ / keV) 

Fig. 9.3. Power and efficiency as a function of (a) beam current and (b) beam 
energy for the TEai^g mode. Here the non varying parameters are: Ub = 90keV, 
h = 66A, B = 5.66 T and a = 1.2 [193] 



region of soft excitation during startup, where the beam energy is around 
81 keV. 

Figure 9.3 shows the output power and efficiency as function of (a) beam 
current and (b) beam energy for the TEsi^s mode. The nonvarying parameters 
are: beam energy=90 keV, current=65 A, average velocity ratio=1.2 and 
magnetic induction B=5.66 T. These would correspond to CW operation. 
Higher power (2 MW) and efficiency (> 33%) were calculated for slightly 
lower values of the magnetic field, but the mode may not be accessible for 
these parameters. The calculated maximum wall loading for ideal hot copper 
is slightly under 2 kW/ cm?. The quality factor calculated self-consistently 
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Fig. 9.4. SELFT simulation results for a TE 3 i,s gyrotron considering the prob- 
able competing modes, (a) before and (b) after current neutralization. Here, 
Ub = 45-80.5 keV for (a) and 80.5-90 keV for (b) and a varies accordingly, 
h = 70 AandB=6mT [193] 



for these parameters is somewhat higher (around 1200) than the cold cavity 
value. Wall loading may limit the obtainable CW output power to 1.5 MW. 

Figure 9.4 show the results of a simulation with SELFT [136] for the 
TEsi^g mode along with probable competing modes, before and after cur- 
rent neutralization. In these calculations, the beam energy is increased from 
45 keV to 80.5 keV over a fictitious startup time of 5000 ns (typical voltage 
rise times are around 100 /is) and the velocity ratio varies accordingly (from 
0.7 to 1.4). The beam current and magnetic field are held constant. Then the 
beam energy is increased to 90 keV while the velocity ratio drops to 1.20, 
again over a time interval of 5000 ns, although the real time scale over which 
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space charge neutralization occurs is about 100 ms. For this case {Ib= 70 A) 
the TEsi^s mode oscillates at high power after space charge neutralization. 
However, at this high current, the voltage depression is large and the TE313 
mode does not give high power until after space charge neutralization has 
taken place. These results indicate that stable operation of a gyrotron in the 
TEai^s mode at 140 GHz at power levels up to 2 MW should be possible. If 
the current is too high, stable operation at high efficiency may not be pos- 
sible except in CW. The wall losses may still be too high at 2 MW for CW 
operation, but CW operation at 1.5 MW (with beam energy up to 85 keV 
and current around 65 A) should be feasible. 



9.3 A 165 GHz Coaxial Gyrotron 

Coaxial cavity gyrotrons have been successfully designed and developed at 
FZK [2] and elsewhere [13, 132]. Here we discuss a coaxial cavity gyrotron 
designed to operate at 165 GHz in the TEsi^iy mode [304]. It is equipped 
with a quasi-optical output system consisting of a Vlasov type launcher with 
a single cut and two mirrors, one with quasi-elliptic and another with a non- 
quadratic phase correcting surface. A maximum output power of 1.7 MW has 
been achieved. The efficiency increases to 41% in operation with a single- 
stage depressed collector system. The nominal operating parameters of this 
coaxial gyrotron are shown in Table 9.2. 

The geometrical dimensions of the TEsi^iy cavity with coaxial insert are 
shown in Fig. 9.5. Because of the uncertainty of the maximum safely achiev- 
able magnetic field, the cavity was designed with a relatively high quality 
factor Qd — 3080 for operation at a low voltage {Uc = 74 kV) and a corre- 
spondingly low velocity ratio. The relative coupling normalized to unity for 
the main mode along with other competing modes for an electron beam radius 
Re = 9.41 mm is shown in Fig. 9.6. Experimentally, the TEai^ir mode has 
been found to oscillate with a frequency of 165 GHz and in good agreement 
with the design. A wide single-mode operating range has been observed for a 
given magnetic field and magnetic compression ratio (shown in Fig. 9.7). Also, 
self-consistent and time dependent multimode calculations were carried out 



Table 9.2. Design parameters and goals of a TE 3 i,i 7 , 165 GHz, coaxial gyrotron 



Output power 


1.5 MW 


Efficiency 


> 35% 


Beam current 


50 A 


Accelerating voltage 


90 kV 


Magnetic field 


^6.63T 


Peak wall loading (ideal copper): 




Outer wall 


1.04 kW/cm^ 


Coaxial insert 


0.15kW/cm^ 
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ipedance corrugation 
72 grooves (recTangular] 
wiOTtI I - 0.35 mm 
depth d = 0.36 mm 



Fig. 9.5. Geometry of the 165 GHz, TEai^iy coaxial cavity [304] 




Fig. 9.6. Relative values of Q times coupling for the nominal and possible com- 
peting mode, normalized to unity for the design mode [304] 



using the operating parameters as input. Figure 9.8 shows the measured and 
self-consistently computed RF output power as a function of beam current. 
Here, the cathode voltage has been adjusted to give maximum output power. 
Figure 9.9 shows the simulated and measured values of RF output power as 
a function of cathode voltage. The six neighbouring modes shown in Fig. 9.6 
have been considered as possible competitors in the calculations. The RF 
losses inside the tube are estimated to be around 12% and are taken into 
account for computational purpose. For the electron velocity ratio (a), the 
values calculated by the trajectory codes EGUN and EPOSR have been taken 
into account. A velocity spread of P±rms = 6% has been assumed. Within 
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Fig. 9.7. Single-mode operating range for B = 6.55 T and Re = 9.41mm [304] 




Fig. 9.8. Measured and computed RF-output power and efficiency as a function of 
beam current. Here, B — 6.65 T, Re = 9.45 mm. Calculations were performed with 
a taken from EGUN and EPOSR and with velocity spread 4\/3_Lrms = 6% [304] 



the uncertainty of the electron beam parameters, the agreement between the 
experimental and numerical results is fairly good. Under the nominal operat- 
ing parameters and without the depressed collector system, the tube operates 
with an efficiency around 30%. With a single-stage depressed collector sys- 
tem, the efficiency increased to 41% at an output power around 1.2 MW. 
This demonstrates a successfully designed and developed high power coaxial 
gyrotron. After modification of gun and cavity (Qd = 2000), a record out- 
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cathode voltage /kV 



Fig. 9.9. SELFT simulation results for a TEai^iy gyrotron considering the probable 
competing modes. Here, /& = 50A, a = 0.9-1. 1 and the cathode voltage Uc = 75- 
87 kV with velocity spread Ap±rms = 6% [304] 



put power of 2.2 MW has been obtained. The efficiency increased to 49% in 
operation with a single-stage depressed collector (at 1.5 MW). 



9.4 Multifrequency Gyrotron 

Frequency tunable gyrotrons are of interest for controlling instabilities in 
magnetically confined fusion plasmas [22]. For devices such as ASDEX- 
Upgrade, there is interest in a step-tunable gyrotron operating at frequencies 
between about 105 GHz and 140 GHz. In this example, the possibility of mul- 
tifrequency operation of a 140 GHz gyrotron, which is designed to operate in 
the TE 22,8 mode at 140 GHz and the TEig^e mode at 111 GHz or the TEiy^e 
mode at 105 GHz [305] is presented. A similar tube has been successfully 
tested at lAP [306]. 

The beam radius for a gyrotron operating in the TE 22 ,n mode at 140 GHz 
is about 8.0 mm. The cavity radius for the TE 22 ,s mode is 17.96 mm. The 
optimum beam radius for the other candidate modes is slightly larger than 
8 mm and can be adjusted by appropriate setting of the coil currents in 
the magnet system. Figure 9.10 shows the beam radius as a function of fre- 
quency, for TEm,p modes, assuming that the TE 22 ,s mode has a frequency of 
140.0 GHz, and a beam radius of 7.95 mm. Here, the candidate mode in the 
vicinity of 105 GHz is the TEi 7 ,e mode at a frequency of 105 GHz and an 
optimum beam radius of 8.2 mm. 




9.4 Multifrequency Gyrotron 173 




f(GHz) 



Fig. 9.10. Beam radius as a function of frequency, for TEm,p modes, assuming 
that the TE 22 ,s mode has a frequency of 140.0 GHz, and a radius of 7.95 mm. Also 
shown is the curve Rb = i?bo (140.0//) for diode-type MIGs 



It is planned to use the same gun and magnet system as in previous 
experiments that have been performed on a tube designed to operate at 
140 GHz in the TE 22,6 mode [44, 298]. The magnet system and gun [307] used 
for this tube provide the possibility to vary the magnetic compression and 
velocity ratio independent of one another, which seems to be advantageous 
for varying the frequency over such a wide range. The beam properties were 
calculated for various accelerating voltages, beam currents and magnetic field 
profiles (set of coil currents) using the program ESRAY [236], which uses 
boundary fitted coordinates and optimized numerical algorithms. 

The resonator design calculations used these computed beam properties 
to compute the output power and efficiency. This was done separately for each 
mode. Calculations of output power and efficiency for some of these modes 
were performed for the beam properties calculated. The results indicate that 
for an accelerating voltage of 81 kV and beam current of 40 A, an output 
power (in long pulse operation) of well over 1 MW in the TE 22 ,s mode and 
around 1 MW in the TEig^e, TEig^e, TEigj, TE2o,7 TE2i,7, TE 2 i, 8 ? TE 23 ,S 5 
TE 24 , 8 , TE 24 ,g, TE 25 ,g, TE 26,9 and TE 27 ,g modes can be reached. Mode com- 
petition was studied and should not be more of a problem than is the case 
with other, similar, gyrotrons. The results of some typical SELFT simulations 
for the TE 22,8 mode are shown in Chap. 4 (see Figs. 4.10-4.13). 

Efficient operation for such a large number of modes requires the use of 
a broadband window. A CVD diamond Brewster window is well suited for 
this purpose (but is expensive). The average value of the loss tangent of a 
disc with 120 mm diameter and 1.92 mm thickness is 3.6- 10"^. The measured 
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frequency / GHz 



Fig. 9.11. Transmisson of a CVD diamond Brewster window (thickness = 1.92 mm) 

values for the entire disc range from tan 5 = 2*10“^ to 8-10“^. Figure 9.11 
shows the calculated transmission as a function of frequency and angle. 

The quasi-optical mode converter consists of a dimpled- wall antenna and 
a beam forming mirror system optimized for nine modes from TEi7,6 to 
TE 23 , 8 - For these modes the dimpled- wall antenna shows a well focussed 
beam with low diffraction of the radiation pattern compared to a so-called 
Vlasov antenna. The radiation patterns for the TE22,8 mode with (a) an 
advanced Denisov launcher and (b) a conventional Vlasov launcher are shown 
in Figs. 9.12 and 9.13 respectively. 

The first mirror is large and quasi-elliptical. The second and third mirrors 
are phase correcting mirrors with a nonquadratic shape of the surface. These 
two mirrors were also optimized for broadband operation of the nine design 
modes. 

For cold tests, a quasi-optical design is used for a high-order mode gen- 
erator [308]. A Gaussian-like beam is coupled via two cylindrical lenses and 
a quasi-parabolic caustic mirror into a perforated gyrotron-like coaxial res- 
onator. The caustic mirror is shaped in such a way that all waves are tangent 
to the so-called caustic of the mode. Since the eigenvalues of an overmoded 
resonator are very close to each other, an inner rod is used to improve the 
mode selection. Since all the modes of interest for this gyrotron have a sim- 
ilar structure, with their caustic radius being approximately one half of the 
cavity radius, only one resonator and a set of lenses is required. A minor 
readjustment of the quasi-optical components is sufficient for excitation of 
different modes. Three dual-mode horns and a set of inner conductors have 
been made to cover the full frequency range. 
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x/mm 

Fig. 9.12. Radiation pattern of the TE 22,8 mode using a dimpled- wall antenna 
(Denisov launcher) 




x/mm 

Fig. 9.13. Radiation pattern of the TE 22 ,s mode using a slightly tapered antenna 
with a helical cut (Vlasov launcher) 



176 9 Examples 

9.5 Second Harmonic Gyrotrons 

Gyrotron operation at the second harmonic of the electron cyclotron fre- 
quency has the advantage over conventional operation at the fundamental in 
that to obtain radiation at a given frequency only half the magnetic field is 
required. Or, expressing this another way, given a particular magnetic field 
strength one can obtain gyrotron output at twice the frequency. A number 
of near-millimeter wave gyrotrons have been developed by using the second 
harmonic of the cyclotron frequency. Recently, the low-cw power, tunable 
gyrotron at the University of Sydney has attained 330 GHz at the fundamen- 
tal and 516 GHz at the second harmonic [309] , and the Gyrotron FU IVA, 
the latest gyrotron of Fuikui University, has achieved 889 GHz at the second 
harmonic [310]. 

However, the second harmonic modes are difficult to excite because of 
mode competition between fundamental and the second harmonic modes 
[195, 196, 309, 311]. Due to mode competition, higher-power operation at 
the fundamental may suppress the second harmonic, so that higher frequen- 
cies cannot be reached. For these reasons, such a phenomenon has been in- 
tensively studied both theoretically and experimentally [86, 156, 179, 195- 
197]. Various approaches have been proposed to eliminate undesirable mode 
competition, for example specially designed cavities and careful choice of 
gyrotron operating conditions [198]. We have discussed mode competetion 
between different harmonics, starting current calculations, and (single-mode) 
self-consistent computations in the previous chapters. 

As far as the mode selection procedures are concerned, the same rules 
as discussed above and in Chap. 5 apply to the design of second harmonic 
gyrotrons. Voltage depression, limiting current and wall losses play the same 
significant role in determining the operating mode of interest. In addition, 
one has to consider mode competition between the fundamental and second 
harmonic modes. The frequency spacing between modes increases as the cav- 
ity radius is decreased. Thus, to improve operation at the second harmonic, 
a smaller cavity radius should be chosen in order to keep the modes farther 
apart and reduce competition between the fundamental and second harmonic. 
Another factor to consider is the fact that the starting current for excitation 
of a mode is inversely proportional to a factor proportional to the beam-field 
coupling coefficient, which was given in Chap. 4 as 

Cbf = Cmp^mpG'mp 

The use of this is illustrated in the next example. 

A 24 GHz Gyrotron for Materials Processing 

Here we present the example of a proposed, 24 GHz, 25-50 kW technology 
gyrotron (for materials processing) operating at the second harmonic [312]. 




9.5 Second Harmonic Gyrotrons 177 




Fig. 9.14. Beam- field coupling coefficient Cbf as a function of normalized beam 
radius Re/Ro for some important candidate modes of a 24 GHz, TE31 mode second 
harmonic gyrotron, where the superscript (1) and (2) denote the fundamental and 
second harmonic, and the sign — and -h in the subscript denote co-rot at ing and 
counter-rotating modes, respectively [312] 



First, the beam-field coupling coefficients as a function of normalized beam 
radius Re/Ro for some important competing modes near the TE 31 mode [312] 
is shown in Fig. 9.14. Here, for the main mode, Re/Ro = 0.44, and the beam- 
field coupling coefficient is moderately large when compared with some of the 
first and second harmonic competing modes. This will give a first estimate 
of the mode competition for mode selection. One obtains a better estimation 
by computing the starting currents, since this provides an estimate of the 
segregation of the different modes in the magnetic field domain. 

The starting current can be calculated in a linearized single mode theory, 
as shown in Chap. 5. The starting current as a function of magnetic field 
is computed for the second harmonic main mode TE 31 , and other first and 
second harmonic competing modes for the above 24 GHz industrial gyrotron 
is shown in Fig. 9.15. These plots are useful to estimate the stability against 
mode competition by examining the starting currents for various competing 
modes. From the initial mode selection procedures, TE 31 was chosen as the 
operating mode, because it is very well isolated from possible competing 
modes. 

As a possible resonator, a standard three section cavity with rounded 
transitions was considered. The input and output taper angles are, for the 
most part, fixed at 2.5° and 3.0°, respectively. The length of the mid section is 
varied. Table 9.3 shows the resonant frequency and quality factor for various 
lengths of the cavity mid-section. The lengths of the tapered sections are 
fixed at Li = Ls = 50 mm, 9i = 2.5°, 62 = 0.0°, and 63 = 3.5°. Roundings of 
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Fig. 9.15. Starting current /start as a function of magnetic field B for various modes 
with beam radius Re optimized for the TE 31 mode, where Ub — 35 kV, a — 1.50, 
and Re = 3.64 mm [312] 



Table 9.3. Frequency and quality factor as a function of resonator length 



L 2 


/ (GHz) 


Qd 


65 


24.201 


560 


70 


24.192 


670 


75 


24.184 


801 


80 


24.178 


948 


85 


24.172 


1113 


90 


24.168 


1209 



length 15 mm are included at each transition. For the TE 31 mode, the cavity 
radius was 8.31 mm If Li is decreased to 25 mm, to reduce the probability 
of beam interception at the end of the compression region, the calculated 
frequency and quality factor are unchanged. 

A plot of the field profile along with cavity geometry is shown in Fig. 9.16 
for L2=80 mm. In Fig. 9.17, the output power and efficiency as a function 
of beam current for L 2 = 80 mm, a = 1.65 and L 2 = 85 mm, a = 1.50, 
respectively, is shown. For a beam current /fe=2.5-5.5 A, one can obtain an 
output power 26.3-63.5 kW and an efficiency of 30.1-34.1% with L 2 = 80 mm, 
a = 1.65; and output power 23.2-54.0 kW and efficiency 26.5-31.4% with 
L 2 = 85 mm, a = 1.50. However, this exercise remained only a paper study. 
No tube was ever built or operated. Tubes in this frequency range which are 
operational are discussed by Bogdashov et al. [313]. 
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Cavity axial distance Z (mm) 

Fig. 9.16. Normalized field profile |/| as a function of z (Solid: cold cavity, dash dot: 
self consistent) for a 24 GHz gyrotron using the TE 31 mode with L 2 = 80 mm and 
other parameters as in Table 9.3. For the self-consistent field profile, beam voltage 
Ub = 35 kV, beam current = 4A, velocity ratio a = 1.5, resonator magnetic field 
B = 0.45 T, and beam radius Re = 3.64 mm [312] 




Fig. 9.17. Output power Pout and efficiency 77 as a function of beam current 
with Ub = 35 kV and B = 0.449 T, for L 2 == 80 mm, a = 1.65 (solid line) and 
L 2 = 85mm, a — 1.50 (dashed line), respectively [312] 
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A 384 GHz FU Gyrotron 

We now present some numerical results of self-consistent calculations of one 
of the FU gyrotrons operating at 384 GHz in the TE 26 mode [199]. The 
resonator geometry chosen (Li = 4.5 mm, L 2 = 14.5 mm, L3 = 2.5 mm; 61 = 
2.227°, 02 = 0°, 63 = 32.211°; Rq = 2.425 mm) corresponds to the Gyrotron 
FU 2 [198]. The field profile along with cavity geometry are shown in Fig. 9.18. 
For the cold cavity field (CCF), the frequency is f = 384.047 GHz, and the 
quality factor Qd is 33697; for self-consistent field (SCF), /=384.049 GHz, 
and Qd =33252. In this case, the profile of SCF is very close to that of CCF 
due to the very large value of Q. 

The dependence of output power and efficiency on the beam current is 
shown in Fig. 9.19 for the magnetic field B = 7.31 T. In the calculation, the 
Ohmic loss has been taken into account. From the figures one can see that the 
power increases with current, but the efficiency has an optimum value. When 
the current is small, the RF field excited is weak, and the efficiency of beam- 
wave interaction is low. If the current is too large, the RF field excited is too 
strong. This will lead to “over bunching” of the electrons, and the efficiency 
is reduced. Here, the starting current is about 0.19 A for H = 7.31 T, and 
0.10 A for H = 7.35 T. A comparison with the results of a calculation with 
CGF is also shown. In this case, the output power and efficiency from SCF 
is slightly higher than that from CCF, but this is not always the case. 




0 4.3 8.6 12.9 17.2 21.5 

Z (mm) 

Fig. 9.18. Normalized field profile |/| as a function of cavity axial position z. 
Solid curve: self-consistent field (SCF) with Ub — 40 kV, B = 7.31 T, a = 1.50, 
Ib = 0.50 A, and Rb = 1.25mm; Dotted curve: cold cavity field (CCF). The cavity 
shape is also shown. Note that for these parameters there is almost no difference in 
the field profiles [199] 
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Fig. 9.19. Efficiency rj and output power Pout versus beam current for the TE 26 
modes, with Ub = 40 kV, B = 7.31 T, a = 1.50, and Rb = 1.25 mm. Solid curve: 
self-consistent calculation; Dashed curve: cold cavity, fixed field (CCF) approxima- 
tion [199] 



9.6 Concluding Remarks 

This chapter introduced some typical design examples. For the design of low 
and medium power (powers less than 10-200 kW) gyrotrons, a conventional 
type of interaction cavity structure is suitable as it poses fewer technical 
complexities. Even for powers up to 1 MW under CW operation, a conven- 
tional hollow cylindrical cavity will serve well as interaction structure with 
a high order operating mode. But for ultra high power gyrotrons where the 
power levels exceed 1.5 MW under CW operation, the ultimate choice will 
be a coaxial cavity gyrotron. A diode type MIG is a popular choice if it is 
able to provide the required beam parameters since it has fewer technical 
requirements and complexities. However, a triode type MIG has some ad- 
vantages as compared with the diode configuration in providing an electron 
beam with the required quality. In case of axial extraction of the output 
power, external mode converters or suitable transmission lines have to be 
added for the beam transportation. In case of radial extraction of the output 
beam, a Vlasov type launcher with suitable mirror system is a popular and 
cost effective choice for low and medium power operation. However, since the 
diffraction losses are high with classical Vlasov type launchers, it is usually 
better to employ advanced dimpled launchers of the Denisov type with ap- 
propriate optimized mirror system for high power gyrotrons as it reduces the 
losses considerably. The other components (such as the window and its ma- 
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terial, collecting system, beam guidance, additional gun-collector coils, etc.) 
also play an important role in the selection procedure. Second harmonic op- 
eration is also an excellent option, particularly for low power gyrotrons if 
one can live with moderate efficiencies without depressed collectors. There- 
fore, the design involves a crucial trade-off between physical, technical and 
economical constraints. 
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10.1 Introduction 

The possible applications of high power microwaves span a wide range of 
technologies. Long pulse and high power gyrotron oscillators have success- 
fully been used for various electron cyclotron wave applications in magneti- 
cally confined for thermonuclear fusion energy research. They are also used 
to generate ECR plasmas for the production of multi charged ions and soft 
X-rays. In high frequency, high magnetic field EPR spectroscopy, gyrotrons 
serve as sub-millimetric wave sources. Sub-millimetric wave gyrotrons are 
also used for plasma diagnostics and are proposed for use in catheters for 
irradiation of living bodies. Medium power CW gyrotrons are used in several 
technological and industrial applications such as sintering of advanced ceram- 
ics and other types of material processing. Gyroklystron amplifiers are being 
used in novel mm- wave radar systems and are under development for RF- 
drivers of future multi-TeV linear colliders. Gyro-twystrons and gyro-TWTs 
are other members of the gyro-amplifier family which are under development 
for the latter applications [5]. 

The book of Gaponov-Grekhov and Granatstein [4] gives a comprehensive 
review of various applications of high power microwave and millimetric waves. 
In this chapter, we present some of the major applications of gyro-devices 
other than plasma heating application. Of great interest are ECR sources of 
multiply charged ions and soft X-rays, in which ECR breakdown and plasma 
heating with powerful microwaves are used to produce intense ion beams with 
the maximum possible degree of ionization and intense, incoherent soft X-ray 
radiation. The EC heating of electrons in a magnetic mirror trap provides 
the possibility of achieving electron distribution functions with a high share 
of fast particles, which efficiently provide multiply charged heavy ions and 
soft X-rays. It is evident that an increase of the EC frequency applied in the 
source must lead to an increase of plasma density and consequently, to an 
improvement of the source parameters. There are now several projects for the 
development of ECR sources of multiply charged ions and soft X-rays with 
the use of gyrotron oscillators (or shorter: gyrotrons) as mm- wave generators 
in the frequency range of 30 to 80 GHz [315, 316]. 

The availability of millimeter and and sub-millimeter wave gyrotrons with 
output power larger than 100 W allows high resolution ESR experiments on 
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samples having short relaxation constants. Tatsukawa et al. [317] presented 
the first application of a step-wise frequency tunable gyrotron for ESR. 

In materials processing, microwaves are used to heat food, textiles, wood 
products, polymers, minerals, structural and functional ceramics, compos- 
ites, multilayer structures and chemicals. Low pressure and low temperature 
plasma processing in electrodeless ECR microwave discharges in waveguide 
and cavity applicators for etching and thin film deposition is widely used by 
industries. The application of gyrotron radiation for processing of advanced 
materials such as nanocrystalline alumina and improved piezoceramics will 
be presented as an outstanding example. 

The development of high power microwave sources has opened up a num- 
ber of possible applications for advanced radars. There are two ways in which 
the new generation of sources enhances capability, first they extend to new 
regimes of peak power (for example, relativistic backward wave oscillators: 
> 0.5 GW), and second, they extend high power capability to new fre- 
quency regimes. Particularly in the mm- wave band, the recent development of 
gyrotrons, gyroklystrons, gyrotwystrons, and gyro-t ravelling- wave amplifiers 
can enhance the average radiation power by several orders of magnitude. The 
experimental state-of-the-art of gyrotron oscillators and gyro-amplifiers are 
periodically given elsewhere [2]. In the radar applications we have discussed 
three new radar configurations made possible by these high power microwave 
sources. They are: monitoring of the atmosphere, space debris radar and very 
high power nanosecond radar. 

The cost of a future linear electron-positron collider with center of mass 
energy in the TeV range will depend both on the number of microwave am- 
plifiers required to drive the collider and on the cost of each amplifier. In 
the past, the microwave amplifier of choice for driving the highest energy 
linear electron accelerators has been the klystron. In considering microwave 
amplifier requirements for future supercolliders there has been a widespread 
perception that higher frequency and higher peak power will be required. Be- 
cause of inherent limitations when simultaneously handling high power and 
high frequencies in klystron circuits, other types of amplifiers such as rela- 
tivistic gyroklystrons have been explored. A performance comparison between 
conventional high power microwave amplifiers (klystron) with new generation 
gyro-klystron amplifiers for next generation accelerator applications has been 
presented elsewhere [5]. These klystron development programs will likely re- 
sult in producing microwave amplifiers that are suitable for linear colliders in 
the energy range up to 1 TeV. However, for multi-TeV colliders gyroklystrons 
are needed. 

Some interesting futuristic applications of high power microwaves are as 
follows [5]: 

1. Generation of a gas discharge in the freely localized intersection region 
of two powerful nanosecond microwave beams in the upper atmosphere 
and stratosphere (artificially ionized layer: AIL) which may be used for: 




10.2 ECRH Applications 



185 




Fig. 10.1. Transmission line schematic from a gyrotron to the ASDEX toka- 
mak [319] 



- Creation of reflecting mirrors for long-distance radio- and television 
communications (as an alternative to satellite communications). 

- Removal of chlorine fluorocarbons from the atmosphere. 

- Restoration of ozone composition in the region of local ozone “holes” , 
with insigniflcant production of harmful nitrogen oxides. 

2. Space propulsion and power beaming to spacecraft and space platforms 
using microwave and millimeter wave systems. 



10.2 ECRH Applications 

Resonant absorption of radio frequency electromagnetic waves is a well known 
method of plasma heating. It is broadly classified into three types depending 
on the type of resonance and species (that is electrons or ions). The first 
type is ion cyclotron resonance heating (ICRH) with a frequency range 30- 
120 MHz depending on the magnetic field and species. The second catagory 
is lower hybrid heating (LHH) which utilizes the frequency range 1-8 GHz. 
Finally, the third type is electron cyclotron resonance heating (ECRH) which 
requires sources in the range 100-200 GHz. The physics of radio frequency 
heating is well described elsewhere [318] and will not be discussed here. A 
typical transmission line from a gyrotron to a tokamak is shown in Fig. 10.1. 

At present, gyrotron oscillators are mainly used as high power mm- wave 
sources for ECRH applications and for plasma diagnostics of magnetically 
confined plasmas in controlled thermonuclear fusion research. Long pulse gy- 
rotrons utilizing open ended cylindrical resonators which generate output 
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powers of 100-500 kW per unit, at frequencies between 28-170 GHz have been 
used very successfully for plasma formation, ECRH, and local current den- 
sity profile control by non-inductive electron cyclotron current drive (ECCD) 
in tokamaks and stellarators. Gyrotron complexes with total power of up 
to 4.5 MW have been installed. As experimental devices become larger and 
operate at higher magnetic fields (Bq < 6 T) and higher plasma densi- 
ties {rieo = (1 “ 2) X 10^^/m^) in steady state, present and forthcoming 
ECRH systems require gyrotron output powers of at least 1 MW, continuous 
wave (GW) at frequencies ranging from 100-170 GHz. Since efficient ECRH, 
ECCD and collective Thomson scattering need axisymmetric, narrow, pencil- 
like mm- wave beams with well defined polarization, single mode emission is 
necessary in order to generate a TEMqo Gaussian beam mode at the plasma 
torus launching antenna. Single mode mm-wave gyrotron oscillators capable 
of high average power, 05-1.0 MW per tube, in long pulse or CW operation, 
are currently under development in several scientific and industrial labora- 
tories [2]. At power levels of around 1 MW, the coaxial cavity gyrotron can 
probably operate at frequencies greater than 300 GHz. This means that the 
gyrotron oscillator is the dominant mm-wave source for high power ECRH 
and ECCD. Even in the case of local non-inductive current drive for sup- 
pression of plasma instabilities in ITER, the gyrotron is a good option, since 
ultra broadband Brewster windows and special fast tunable magnet systems 
allow frequency step tuning in the seconds time scale in the full D-band (110- 
170 GHz) [45]. Diagnostic gyrotrons deliver Pout = 40 kW with r = 40 qs 
at frequencies up to 650 GHz {rj > 4%). 



10.3 ECR Discharges for Generation 
of Multiply Charged Ions and Soft X-Rays 

In recent years interest in investigating microwave discharges in a magnetic 
field under conditions of electron cyclotron resonance (ECR) has increased. 
This is related not only to fusion plasma heating and low pressure and low 
temperature plasma processing but also to the possibility of using ECR dis- 
charges in heavy ion gases as a source of multiply charged ions (MCI) for 
cyclotron accelerators and materials processing such as synthesis of unique 
semiconductor materials (ion implantation). Such ECR discharges are also 
being examined as a possible high intensity source of incoherent soft X-ray 
radiation for dry etching lithography. 

In the past, there were a few tens of ECR ion sources in the world, which 
work in the frequency range of 2.45 to 10.0 GHz. An increase of the EC 
frequency employed in the source will lead to an increase of plasma density 
in the discharge and consequently, to an improvement of the source char- 
acteristics, particularly higher ion currents. The current of ions with charge 
Z is proportional to the squared frequency and the average ion charge also 
grows with frequency: {Z) « In/^’^ . There are now several projects for 
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1. gyrotron 

f = 37.5 GHz, P = 130kW, T = 1ms, TEMoo 

2. dietectric iense 

3. glass vacuum chamber with quartz window (0 = 7 cm) 
microwave beam focus % 10 cm^ 

working pressure = 10-2 - 10-« jorr 

4. tandems mirror configuration with pulsed coils 

coil distance = 20 cm, mirror ratio = 3, xp = 9 ms, B = 2.3 T 

5. density monitor 

cutoff frequency 35.52 GHz, 0-mode polarization 

6. Spectrograph for visible light 

7. Vacuum spectrograph for UV-light 

8. Monochromator with 1 0 ^s time resolution 

9. Semiconductor x-ray detector with filters 
aluminum shield (0.9 pm thickness) 
silver shield (0.1 pm thickness) 

10. interchangabie filters 



Fig. 10.2. Experimental setup for ECR discharges [315] 



the development of ECR sources of multiply charged ions and soft X-rays 
with the use of gyrotrons as microwave generators in the frequency range of 
30 to 80 GHz. The experiments of Golubev et al. [315] have been performed 
in a magnetic trap with mirror configuration according to the arrangement 
shown in Fig. 10.2. 

Multiply Charged Argon Ion Source 

At an argon gas pressure of P = 10~^ Torr multiply charged argon ions rang- 
ing from Ar^“^ up to Ar^^“^ were produced with a maximum of the generation 
rate at Ar^'^’^, which is the present world record. In traditional ECR sources, 
the maximum production rate is for Ar^°“^. 
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a) Microwave pirise; 

b) 

1) O^ion emlsaion, 
wavelength 3749.5 A; 

2) 0'*einissien,3754.7A; 

c) total plasma emission in 
the visible region; 



d) x-ray emission 



Fig. 10.3. Experimental oscillograms of ECR discharge soft X-ray source [315] 



Soft X-Ray Source 

The working gas pressure (air or oxygen) was P = (3 — 6) • lO”'^ Torr. Typical 
oscillograms of various diagnostic signals are displayed in Fig. 10.3. Measure- 
ments by means of X-ray meters showed that the main contribution is con- 
nected with ion lines in about the 9 nm wavelength band (FWHM = 4 nm). 
Approximating the total power of the ECR discharge X-rays from the results 
of measurements, it was found that the amount of X-ray power in the re- 
gion around 9 nm is in the order of 7 kW, and correspondingly, conversion 
efficiency is around 5%. 



10.4 High Frequency Broadband ESR Spectroscopy 

The investigation of electron spin resonance (ESR) is based on measurements 
of resonances that occur at fixed radiation energies hf corresponding to the 
energy differences between different spin states caused by the Zeeman inter- 
action, the electronic quadrupole interaction and other types of interactions. 
Such experiments provide direct access to the values of the y-factor, the 
fine structure constants, etc.. Studies of ESR at high frequencies and high 
power offer several advantages. High frequency ESR allows high resolution 
measurements, so that very small differences in the ^-factor, large fine struc- 
ture constants, and nonlinear magnetic field interaction terms can be exper- 
imentally determined. High power pulses allow the investigation of the RF- 
field dependence of resonance absorption in samples having short relaxation 
times. 
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Fig. 10.4. Block diagram of an ESR spectrometer using a gyrotron as radiation 
source [317] 



Tatsukawa et al. [317] presented the first application of a gyrotron to ESR 
and demonstrated the higher sensitivity that can be obtained by using a step- 
wise frequency tunable gyrotron which covers a broad frequency range in the 
millimeter and submillimeter wavelength region. The experimental setup is 
shown in Fig. 10.4. The gyrotron FU-I used in these experiments had in 
the frequency range / = 65-135 GHz, an output power of approximately 
^out = lOOVF and a pulse repetition frequency of PRF = 3 Hz. 

In this experiment, two kinds of DPPH (l-diphenyl-2-picrylhydrazyl) 
samples (DPPH-A is a single crystal and DPPH-B a polycrystalline pow- 
der) are attached to a mica plate and put into the waveguide of the ESR 
detection system. Figure 10.5 shows the observed ESR spectra in the W- 
band measurements (a) for DPPH-A and (b) for DPPH-B. The observed 
linewidth of the resonance spectrum for DPPH-A is 2.0 • 10~^T which agrees 
with results measured using a standard X-band ESR spectrometer. This mea- 
surement confirms that the frequency stability is better than 1 • 10“^. The 
linewidth of DPPH-B is 3 • 10“^T which is much broader than the single 
crystal result. However, this value can be explained by the anisotropic g- 
value (^-tensor) effect of the polycrystalline sample. Operating at the second 
harmonic of the electron cyclotron frequency enables the gyrotron to act as a 
medium power step tunable, mm- and sub-mm wave source in the frequency 
range up to 889 GHz (TEs,6, second harmonic). Pulsed power magnetic fields 
up to 30 T have been generated in synchronized phase with the pulsed gy- 
rotron operation [320]. Gyrotron based ESR spectrometers are also being 
used to study dynamic nuclear polarization, a technique that can result in 
significant enhancements of nuclear magnetic resonance (NMR) signals [321] 
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Fig. 10.5. ESR spectra of DPPH as a function of magnetic field: (a) for a single 
crystalline sample at f = 80.15 GHz and (b) for polycrystalline powder at f = 
92.95 GHz [317] 



and they could also be employed favorably in electron nuclear double reso- 
nance experiments. 197 GHz ESR corresponds to 300 MHz NMR. For some 
ESR applications, phased packets of short pulses (ns time-scale) are required; 
these may be generated by future second harmonic gyroklystron amplifiers 
or FEMs. 



10.5 Processing of Advanced Ceramics 

In recent years, there has been increasing interest in microwave processing of 
materials such as ceramic sintering, joining of ceramics and metals, etc.. Vol- 
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Fig. 10.6. Cost comparison of commonly used heating technologies [322] 



umetric heating resulting from the absorption of microwave energy within 
the bulk of materials leads to savings in energy and processing time that 
are significant for practically all applications based on heating of materials. 
In fact, owing to intimate linkage in the sequence “processing conditions - 
microstructure of materials - final properties of materials”, the fast, iner- 
tialess and easily controllable procedure of microwave heating offers unique 
capabilities for producing materials with new favourable properties. 

Figure 10.6 gives an overview of the technical and applied heating pro- 
cesses compared in terms of specific physical heating properties and their 
estimated range of system costs [322]. Although the systems cost increase, 
one has to choose microwave or millimetric wave heating techniques if one 
prefers to have a high qualitative and selective volumetric heating of the 
materials. 

The property to heat volumetrically and selectively is unique for mi- 
crowaves and millimetric waves. However, the following factors impede the 
exploitation of the traditional industrial microwave techniques at frequencies 
of 0.915 and 2.45 GHz for practical implementation of most high temperature 
processes: 

- Rather low absorption of decimeter wavelength radiation in most of ad- 
vanced ceramic materials, especially those based on pure oxides and ni- 
trides. 

- Non-uniform distribution of the electromagnetic field within an applica- 
tor. A highly uniform distribution required for processing of large size 
specimens is hardly achievable at these frequencies even in multimode 
resonators. 
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Fig. 10.7. Gyrotron Oscillator Technology System (GOTS) for high temperature 
processing of materials (P = 15 kW, f = 30 GHz, CW) at FZK 



These problems can be solved by increasing the frequency /. As a rule, the 
microwave absorption in dielectrics increases with /. In addition, the spatial 
non-uniformity of the field distribution is diminished with increasing ratio 
L/Xq {L is the furnace dimension and Aq the free space wavelength). Thus, 
mm-wave power sources initially developed for plasma heating applications 
found their way to the processing of new materials that are not feasible 
at lower frequency (/). High-temperature materials processing research at 
frequencies as high as 28-83 GHz is carried out in laboratories in the USA, 
Germany, Japan and Russia [4]. The commercially available gyrotrons for 
this purpose are described in periodic state-of-the-art reviews [2]. 

10.5.1 Experimental Setup 

At the Forschungszentrum Karlsruhe a Russian compact gyrotron oscillator 
technological system (GOTS) developed at the Institute of Applied Physics 
in Nizhny Novgorod has been installed and improved. The system comprises 
the following parts (as shown in Fig. 10.7): gyrotron, oil cooled electromag- 
net system, quasi-optical and mode converting transmission line, microwave 
furnace (applicator), temperature data acquisition and PC-based control sys- 
tems. 

The gyrotron is operated in the CW regime with smoothly controlled 
output power up to 15 kW at a frequency of 30 GHz. The efficiency of the 
gyrotron working in the TEq 2 cavity mode at the second harmonic of the 
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cyclotron resonance is about 25% in a rather broad range of the energizing 
parameters (beam voltage < 25 kV and beam current < 2 A). Since the 
frequency of radiation generated by the gyrotron is related to the magnitude 
of the static magnetic cavity field by the equation B {T)^ 0.0375/ (GHz)/n, 
where n is the number of the harmonic, the operation at n = 2 implies a nearly 
four fold decrease in power consumed by the main solenoid. In fact, for a 
gyrotron operating at a frequency of 30 GHz, this leads to a decrease in power 
consumption of the magnet from about 50 kW for n = 1 to 13 kW for n = 2, 
and this is a major contribution to the overall efficiency of the GOTS. The 
radiation generated by the gyrotron passes through the output window and 
a mode converting quasi-optical transmission line (mode converting output 
horn and two specially designed metal mirrors) to the microwave furnace. 
The overall transmission efficiency is over 90 %. By using a quasi-optical 
transmission line it is possible to reduce the inffuence of the radiation reflected 
back from the furnace on the operation of the gyrotron to an admissible level. 

A high ratio I//Ao(~ 50) of the applicator and operation of an appropri- 
ate wavebeam scatterer are an essential prerequisite for homogeneous heating 
of materials. Having been fed into the kiln (diameter 50 cm, height 60 cm), 
the radiation fills rather uniformly the whole volume of the furnace, due to 
numerous reflections of the electromagnetic waves from its walls and super- 
position of their fields. The furnace applicator represents a highly oversized 
untuned cavity. The furnace is vacuum proofed and allows to process materi- 
als within a pressure range of 10“^ — 2 bar. The microwave input window has 
a diameter of 80 mm and consists of an edge cooled boron nitride disk. The 
numerous inlets for the thermocouple signal measurements as well as a port 
for a pyrometer probe and a dilatometer are placed at the large diameter 
flange of the furnace and provide a broad capability for sample temperature 
monitoring. 

Precise knowledge of the electromagnetic field distribution inside an 
empty or loaded furnace is a significant question for optimizing geometries 
and material processing parameters. In general the stationary electromag- 
netic field energy deposited inside the material processed in the furnace, is 
of special interest. Interference effects can lead to spatial variations of the 
stationary energy distribution of the electromagnetic field. The knowledge of 
these hotter and colder domains is very important for controlled processing of 
dielectric materials. These were the motivations for developing a simulation 
code solving Maxwell’s equations by using an optical approach for tracing 
wavefronts in order to build up the resulting stationary field distribution. 
The MiRa/THESIS3D-Code package for applicator design and modelling of 
mm- wave materials processing also contains a numerical code solving the non- 
linear heat transfer problem for a self-consistent simulation of the sintering 
process [323]. 
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10.5.2 Experimental Results 

Up to now, the GOTS has been used mainly for ceramic sintering and join- 
ing of ceramic parts. The large penetration depth of microwaves compared 
to that of thermal radiation used in conventional heating systems, permits a 
homogeneous volumetric heating of the samples. That is one of the most ad- 
vantageous features of microwave sintering and leads to considerably reduced 
processing times. Due to microwave induced diffusion processes sintering tem- 
peratures are significantly lower. AI2O3 for example has been sintered to more 
than 98% theoretical density (TD) already at 1450° C and PZT piezoceramics 
were densified at 950° C compared to conventional sintering temperatures of 
1625° C for AI2O3 and about 1200° C for PZT, respectively. Undesired evap- 
oration of PbO during the PZT sintering process is notably reduced leading 
to improved piezoelectric properties. The microstructure of ceramics is con- 
trollable by the variation of the processing time. At short processing times 
the grain growth is very small so that even nanocrystalline powders can be 
sintered without losing a final nanoscale fine structure. A few examples of the 
advantages of mm-wave sintering of nanocrystalline cermics and piezoarrays 
are shown here. 

Figure 10.8 shows SEM micrographs of mm-sintered nanocrystalline cer- 
mics (namely, AI2O3, Ti02, Zr02) [58]. These nano powders are produced by 
a wire blasting technique with particle sizes in the range of 25-40 nm. All 
powders show a rather broad grain size distribution from 2 nm to more than 
100 nm with a maximum around 25 nm. It could be demonstrated that the 
mm-wave sintering technique leads to a better densification of these nanos- 
tructured oxide greens without the occurrence of significant grain growth 
which is a problem in conventional sintering of such specimens. Reasonable 
densities of about 94% TD and average grain sizes of about 100-150 nm have 
been obtained (see Fig. 10.8). Here, the gyrotron was switched off immedi- 
ately after reaching the sintering temperature. No holding time was needed. 

Another example is the sintering of lead-zirconate-titanate (PZT) arrays 
[58]. Lead oxide (PbO) has a high vapor pressure and tends to evaporate 
during the sintering process. Shortening of process temperature and hold 
time will mitigate this problem. Initial experiments suggest that by using mm- 
waves, the sintering temperature of the conventional process can be reduced 
from 1200° C to 1100° C and the dwelling time from 60 min to only 10 min, 
in order to get similar densities. This leads to a reduction of PbO losses 
and significantly influences the grain growth during the sintering process. A 
comparison of the morphologies of conventionally and mm-wave sintered PZT 
piezoarrays are shown in Fig. 10.9. Figure 10.9a shows a micrograph of such 
a PZT piezoarray. As can be seen from Figs. 10.9b and c, using millimeter 
waves, the average grain size clearly lies in the submicrometer range compared 
to an average grain size of more than 1 pm after conventional sintering. 

Advantages of ultrafine microstructures for synthesis, processing and 
property modifications of advanced ceramic materials have long been sus- 
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Fig. 10.8. SEM micrographs of mm- wave sintered nanocrystalline ceramics. 
Here, (a) AI2O3: sintering temperature = 1150°C, heating rate = 30°/min, 
Pgreen = 2.70 g/cm^ (74% TD), Psintered = 3.70 g/cm^ (93% TD); (b) Ti02: sinter- 
ing temperature = 950°C, heating rate = 50°/min, pgreen = 3.35 g/cm^ (85% TD), 
Psintered = 4.57g/cm^ (93% TD); (c) Zr02: sintering temperature = 1150°C, 
heating rate == 50° /min, Pgreen = 4.8g/cm^ (82% TD), psintered = 5.5g/cm^ 
(94.5% TD) [58] 



pected. Properties of nanostructured materials are directly related to their 
unusual microstructure that features extremely small grains and a large frac- 
tion of highly disordered interfaces. Research is not only motivated by basic 
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Fig. 10.9. Comparison of morphologies of conventionally and mm-wave sintered 
PZT piezoarrays. Here, (a) part of a PZT piezoarray, (b) conventionally sintered 
1200°, 60 min, and (c) mm-wave sintered 1100°, 10 min [58] 



science aspects but also by the expectation that novel properties will lead to 
new technological applications. For example sintering and creep behaviour 
are significantly changed by the reduction of the particle size to the nanome- 
ter range. The equations for densification rate d/o/dt and strain rate de/dt 
show a strong dependence on the grain size d, that is, (1/d)^, with q in the 
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Table 10.1. a-AbOs densities after sintering with different techniques 



Sintering parameters 


green density in g/cm^ (% TD) 


temperature 

°C 


heating rates 
°C/min 


2.5 (68) 


2.7 (74) 


2.9 (79) 


1300 


2 


3.32 (83) 


3.16 (79) 


3.66 (92) 


1300 


5 


3.22 (81) 


3.62 (91) 


3.76 (94) 


1300 


10 


3.29 (82) 


3.60 (90) 


3.73 (93) 


1300 


fast firing 


- 


3.56 (89) 


3.67 (92) 


1150 


30 (with mm-waves) 


3.57 (89) 


3.70 (93) 


- 



range of 2 to 4. Thus it becomes possible to tailor the mechanical properties 
by controlled grain growth. 

The phase transformation and densification behaviour under high power 
mm- wave radiation of the 30 GHz gyrotron and during fast conventional sin- 
tering of nanocrystalline 7 — AI 2 O 3 powder have been investigated and com- 
pared [324]. The powder used for compacts was synthesized from aluminum 
metal by using the exploding wire technique in an oxidizing atmosphere. The 
particle size distribution of this powder has a maximum at about 20 nm. 
A magnetic pulse technique was used for the compression of samples up to 
80% of the TD. Both mm- wave sintering and fast firing in a conventional 
electrical resistance furnace permit the densification and a complete phase 
transformation into a — AI 2 O 3 already at a temperature of approximately 
1150°C. The average grain size of the sintered ceramic is in the range of 50 
to 100 nm. With mm- waves densification starts at about 50° C lower temper- 
atures compared to conventional techniques and higher final densities were 
obtained even at 150°C lower temperatures (see Table 10.1). 

Figure 10.10 shows typical kinetic curves of densification during sintering 
experiments with linear heating up to 1300°C. During conventional sintering 
the linear shrinkage was optically mecisured. It has been used, together with 
the green density, to deduce the density as a function of temperature. These 
data are shown in Fig. 10.10 together with the densities of several mm- wave 
sintered samples of similar green density dependent on final sintering tem- 
peratures. This explains the more pronounced scattering of mm- wave data 
than of conventional sintering data. Millimeter- wave sintering of samples with 
green densities of 2.5g/cm^ leads to a final density of 3.57g/cm^ already at 
1150°C, while the maximum density with conventional sintering techniques 
to 1300° C was 3.32g/cm^. For samples with green densities of 2.7g/cm^ the 
obtained final densities were 3.7g/cm^ and 3.62g/cm^ for mm- wave and con- 
ventional sintering, respectively. 

Sintering with mm- wave irradiation leads to an enhancement of the densi- 
fication process, as can be seen from Fig. 10.10. With mm- waves the “active” 
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Fig. 10.10. Comparison of linear conventional heating and mm- heating of alumina 
samples with green densities of (a) 2.5 and (b) 2.7g/cm^, respectively [5] 

stage of sintering starts at temperatures approximately 50° C lower than for 
conventional sintering. An increase of the sintering temperature > 1200° C 
gives no essential increase of final densities but a distinct increase of grain 
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size to average values of about 200 nm at 1400° C. In the initial stage of sin- 
tering at 1100°C small grain growth to an average size of about 50 nm and 
the beginning of the phase transformation to a — AI2O3 can be observed. At 
1150°C the phase transformation is completed. It is accompanied by further 
grain growth to values close to 100 nm and a neck linking of the grains. If 
one compares the microstructure of conventionally fast fired samples with 
mm- wave sintered samples, no specific difference can be seen. Coarsening of 
grains is slightly more pronounced in the fast-fired sample compared with 
the mm- wave sintered one. But there is a clear difference in the final density 
which is about 7 % higher for the mm- wave sintered sample already at 100° C 
lower temperatures. 



10.6 Millimeter- Wavelength Radar 

The development of novel high power microwave sources allows a number of 
new applications to radar [4]. The maximal range Rmax of radar systems in 
given by the radar equation 



R 



4 

max 



PrA^a 



AttXqP 



( 10 . 1 ) 



where Pr is the maximum pulse power, r is pulse duration, A the effec- 
tive area of the antenna, a the radar cross-section (RCS) of the target and 
l^min — kT/r the minimum detectable power of the system. The temperature 
is assumed to be 300 K, so kT is about 4- 10~^^W/Hz (see Table 10.2). Thus, 
reduction of the wavelength Aq results in a larger Rmax and leads to improved 
angular resolution. The recent development of gyrotrons and gyroklystrons 
can enhance the average radiated power in the mm-wave regime by several 
orders of magnitude. Suitable frequencies for mm-wavelength radar systems 
are 35 GHz (8.6 mm), 94 GHz (3.2 mm) and 140 GHz (2.1 mm) due to 
the existence of absorption minima of the atmosphere at these frequencies 
( “mm-wave windows” of the atmosphere) . 

Most of the novel high power microwave sources are free running oscil- 
lators. For at least two reasons, however, amplifiers are preferable for radar 
applications. First, for coherent combining of the power of a number of dif- 
ferent microwave sources into a conventional or phased array antenna, there 
is no choice but to use amplifiers, or at last phase controlled (locked) oscilla- 
tors. The use of an amplifier also makes the processing of the returned signal 
easier. However, it is also possible to use free running oscillators for many 
applications. For instance, if the radar signal is purely sinusoidal with ran- 
domly varying phase from pulse to pulse, one can sample the phase of each 
transmitted signal and correct the returned signal for the transmitted phase, 
the classic coherent-on-receive method for signal processing. Here we discuss 
three new radar configurations made possible by new high power gyrotrons. 
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Table 10.2. Schematic analysis of the Radar Equation 



Maximum Range 


-^max — A^trsm A^eds A^rcv 


Pt 

-t^trsm — j^TAf 


Pr transmitted power 
fcT = 4 • 10"^^ W/Hz 
Af frequency band 
optimum filtration: 
rAf ~ 1 

^ PtT 

J^trsm — 


^eds = 


a target cross section 
^ antenna area 


K — ^ 


So ( signal \ 




Nq V noise / min 

Fn noise factor 
Ls losses 



gyroklystrons and relativistic backward wave oscillators (BWOs), namely ac- 
tive meteorology (monitoring of the atmosphere), monitoring of space debris 
and high power nanosecond radar. 



10.6.1 Active Millimeter Wave Meteorology- Cloud Radar 

High power mm- wave sources open the possibility of a variety of active mea- 
surements of the atmosphere. At a frequency of 94 GHz the loss for very 
humid conditions at sea level is about 1 dB/km. By increasing the average 
power from 4 W to 4 kW, the additional propagation distance is increased 
by 15 km (30 km round trip). Millimeter waves have the advantage that they 
propagate well through particulates, but scatter off them strongly enough to 
give easily detectable signals. The radar cross-section a of aerosols is pro- 
portional to /\q where typically D = 10-40 mm. Thus a mm- wave radar 
could resolve multiple cloud layers (structure and extension) and could give 
information about their humidity, dynamics and turbulence. Water clouds, 
on the other hand, are optically thick for laser radiation. 

One of the most promising applications of fixed-frequency gyrotrons as 
atmospheric sensors is cloud radar which has potential applications both as 
ground and air based systems for fundamental study of cloud dynamics. Space 
based 94 GHz radar could give real time worldwide maps of the altitude, 
thickness and flow fields of clouds. Several properties of clouds give rise to 
radar returns: 

- clear air turbulence (scatters preferentially low frequency radiation 

< 10 GHz) 

- raindrops, ice crystals, snow flakes 
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Fig. 10.11. (a) Reflectivity and (b) Doppler velocity of a small cumulus cloud [325] 



- aerosols (which define the cloud, < lOOaerosols/cm^). 
We have: 



- Rayleigh regime of RCS: D < Aq/4 

7r2|i^2|2)6 

"^0 



( 10 . 2 ) 



- K — (m2 — l)/(m2 -f 2) with m — index of refraction. For water at mm- 

wavelengths: \K\^ 0.8. 

- Radar reflectance: tj — na (cross-section per unit volume) where 
n = density of droplets per unit volume. 

- Radar range equation: Pr = where h is the range resolution dis- 

tance and Pr the received power. 



Fig. 10.11 shows a 94 GHz radar image of a cloud taken from L’Hermitte 
[325]. An Extended Interaction Oscillator (EIO) with 1 kW pulse power and 
4 W average power (PRF = 10 kHz) was used as the mm-wave source. With 
a range of 2 km, a resolution distance = 60 m and an effective aperture 
of 4 • 10^ cm2 received power was 10“^^ W. Since L’Hermitte’s receiver 
had an actual noise of about 5 • 10“^^ W, he had to integrate for 3s (3 • 10^ 
pulses) . 

A 4 kW average power system using a gyrotron would overcome an addi- 
tional 30 dB of atmospheric absorption (compared to L’Hermitte) and allow 
observation much lower in the thunderstorm. A 3-dimensional image of the 
cloud could be formed and the range cell could be reduced to 10 m (10 MHz- 
BW). The greater range would also permit one to image clouds that are not 
directly overhead. 
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10.6.2 Space Debris Monitoring Radar 

Manmade space debris is becoming a problem for spacecraft and space sta- 
tions. A centimetre size particle, such as a bolt, colliding with a spacecraft 
would almost certainly have catastrophic results. So it is necessary to detect 
the debris, to track it and to examine its parameters. Spacecrafts and space 
stations must be hardened to survive collisions with debris under the size 
of 1 cm and will have to be maneuverable enough to avoid the large pieces. 
To avoid the Rayleigh case, when the effective RCS proves to be less than 
the physical one, the operating frequency could be in the mm- wave band. 
On the other hand, from the atmospheric absorption viewpoint, among the 
mm- wavelengths the most reliable are those close to 8 mm (35 GHz). To 
detect a 1 cm object at a range of 1000 km (altitude = 700 km, proposed 
for the “Freedom” Space station) both very high power and antenna gain are 
needed. If we assume that the minimum SNR necessary for reliable detection 
is 10 dB, that Fn is 10 dB and Lq is 15 dB, and the bandwidth is 10 kHz 
(100 ms pulse and 15 km range resolution), the radar equation (10.1) forces 
one into a very difficult region of parameter space: 

PrG^ = 2-1022|^. (10.3) 

Let us consider a tracking antenna with a diameter of 20 m. At a frequency 
of 35 GHz, its gain G — j}? is about 3 x 10^. Thus, the required 

radiated power to detect the centimeter size piece of space debris is about 
20 MW. This is larger than the power of any single 35 GHz microwave tube 
with 100 [IS pulse length. 

Since 35 GHz gyro-klystrons with an output power of 700 kW have been 
developed by Russian industry (see [2] ) , these sources can be coherently com- 
bined and fed into a large phased-array antenna. Since the motivation for an 
amplifier is coherent power combining and not simpler data processing, an 
amplifier is the only choice for the system. It would take about 30 such gy- 
roklystrons to provide enough power for the system. A single gyroklystron, 
or possibly gyrotron, would provide enough power to detect a piece of de- 
bris with a RCS of about 30 cm^. With a combination of mechanical and 
electronic steering, the radar could both scan and revisit targets. 

10.6.3 High Power Nanosecond Radar 

In conventional radars, range resolution is obtained with the use of a long 
pulse chirped in frequency and then compressed by the receiver, for instance, 
with the use of a matched filter. In almost every case, while the range res- 
olution is c/Z\/, there are temporal sidelobes that mix up the signals from 
nearby range cells. This problem can be especially serious if one is attempting 
to resolve a low-cross-section target in close proximity to a high-cross-section 
target, such as a buoy near a ship. Furthermore, pulsed Doppler radars typ- 
ically have a problem with blind speed when trying to resolve the velocity 
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Table 10.3. Parameters of high power nanosecond radar system [4] 



Microwave Generator 


Frequency 


10 GHz 


Radiated Pulse Power 


0.35 GW 


Pulse Duration 


7 ns 


Repetition Rate 


150 Hz 


Amplitude Instability 


1% 


Frequency Instability 


0.1% 


Resource 


10^ pulses 


Antenna 


Radiation Reception Beam Width 


3.5° 


Receiver 


Frequency Band 


210 MHz 


Noise Factor 


7dB 


A numerical signal processing sub-system is used 
to perform the moving target indication (MTI) 



of a target. Finally, for a low peak power system, with a not too large ratio 
of interpulse separation to pulse time, the dead time can also become an 
operating constraint. 

One possible way to get around some of these difficulties is to use a very 
short pulse high power radar without pulse compression using a relativistic 
BWO. The features of such a system, developed at the lAP and for LHCE 
in Russia are summarized in Table 10.3. 

The radar target was a small aircraft, which had a total RCS of about a 
square meter. The range from the target to the radar device was 50 km. The 
typical received radar signals are shown in Fig. 10.12 after the signals were 
processed so as to reduce the stationary clutter by 28 dB. 

This nanosecond radar system has demonstrated: 

- Long target detection range: A helicopter of 2 m^ RCS was reliably tracked 
up to 105 km over a wood covered terrain (theoretical range = 150 km). 

- High range resolution (important for target identification): Sample reflec- 
tors as well as details of the helicopter and boats have been seen sepa- 
rately, if distanced by more than 1 m. 

- Effective moving target indication (MTI) performance: MTI algorithms 
provide up to 30 dB suppression of echoes from immovable targets and 
10-20 dB suppression of echoes from the wind surged vegetation. 
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Fig. 10.12a-d. Radar return signals showing a moving airplane and a stationary 
island. In (d) the moving target indication (MTI) system was employed [4] 



10.7 RF-Drivers for TeV Linear Colliders 

For several decades, the microwave amplifiers of choice for driving very high 
energy linear electron and positron accelerators have been the multi-cavity 
klystrons [4], An example of advanced present day capability is the klystron 
amplifier used to drive the Stanford Linear Collider (SLC) (Fig. 10.13). 
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Fig. 10.13. Schematic diagram of the Stanford Linear Collider (SLC) [4] 



The SLC klystrons operate in the S-band at 2.865 GHz producing output 
pulses with peak power Pr = 65 MW with r = 3.5 ms pulse duration and 
45 % efRciency. The voltage of the modulator powering the tubes is 350 kV 
and the microwave output pulse is compressed by a factor of three before 
being applied to the accelerator cavities. Hundreds of SLC klystrons are used 
so that phase coherence is a parameter of great importance. In considering 
microwave amplifier requirements for the next generation of linear colliders, 
which should be shorter than 10 km, it became clear that higher frequency 
and higher peak power (high accelerating gradient) will be needed while the 
modulator voltage should not be increased too much and efRciency should be 
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at least 50 %. The feasibility of future electron-positron colliders operating 
at energies > 1 TeV will depend on both operating efficiency and the cost 
of the microwave amplifiers that can be developed to drive the collider. To 
zeroth order, the required number of amplifiers depends inversely on the 
figure of merit parameter A = Pt-tI Aq. Thus, one goal of amplifier research 
is to maximize A while keeping other parameters within bounds so as not to 
excessively increase the cost of either the individual amplifier system nor the 
collider structure (for instance, amplifier voltage V < 500 kV, wavelength 
Ao > 1 cm). 

The 2.865 GHz klystron amplifiers that drive the 100-GeV SLG have 
A = 2.1 X 10^ Ws/m^. This value of A has been surpassed by about a 
factor of 5 by new 11 to 14 GHz klystrons. X-band klystron development 
programs are underway at the Stanford Linear Accelerator Center (SLAG) 
in the US and at the KEK Accelerator Laboratory in Japan. A 14 GHz 
klystron development program is completed at the Budker Institute for Nu- 
clear Physics (BINP) in Russia with the aim of achieving output power near 
100 MW in 1 ^Ls pulses. These klystron development programs will proba- 
bly result in producing amplifiers that are suitable for linear colliders in the 
energy range up to > 1 TeV. For multi-TeV linear colliders that might be 
developed at some time farther into the future, RF frequency > 17 GHz 

has been identified as a likely requirement. For such colliders, klystrons may 
no longer be an appropriate amplifier choice because of inherent limitations 
when simultaneously handling high power and high frequencies in klystron 
circuits (cavity gaps are much smaller than the wavelength and drift tubes 
between cavities are cut off to the fundamental mode). 

Because of these limitations gyroklystrons have been explored for appli- 
cation to advanced colliders. Gyro- amplifiers have demonstrated values of 
A = 11 X 10^ Ws/m^, which compares favourably with the best values 
of A achieved by klystrons. Peak powers in excess of 30 MW with pulse du- 
rations of 0.8 /is have been achieved at 19.76 GHz in the TE 02 mode via a 
two cavity second harmonic gyroklystron with a first harmonic drive cavity. 
The peak efficiency and gain were 28 % and 27 dB, respectively. At present, 
there is ongoing research on a new three cavity second harmonic coaxial gy- 
roklystron, driven by a 500 kV, 720 A beam, which is predicted to have an 
output power of 100 MW at 17.136 GHz with an electronic efficiency in ex- 
cess of 40%. With the use of a depressed collector achievable overall amplifier 
efficiency, which is of very great importance in the collider application, could 
be in the range of 50-65 %. A state-of-the-art comparison of klystrons and 
gyroklystrons for supercolliders is given in reference [2]. 
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